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ABSTRACT 



This computer program for the design of a midship section is 
derived from the structural midshipsection synthesis of a Naval 
destroyer by Pramud Rawat, and is "based upon work by Ralph Davis (5) 
and Manley St. Denis (17). The logic of cycling from a set of 
arbitrarily selected initial thicknesses, to an optimum closed 
solution for least weight was originated in the destroyer design, and 
has been used as a basic premise in the formulation of this program. 
Any arrangement of transverse or longitudinal framing systems with all 
practical combinations of decks and longitudinal bulkheads is now 
included within the scope of the design. 

The current program is formulated under merchant ship 
criteria as defined by the American Bureau of Shipping derived in 
Refs. (8) and (12). Substitution of Naval standards, or any other, is 
easily done. Presently, the structural design is restricted to the 
midsection of a mild steel ship with a simple hull geometry. The 
program is intended as a framework for the design of any realistic 
ship composed of any structural material; therefore, every attempt has 
been made to make the logical design process general enough so that 
expansion can be made in several directions without extensive revision 
of either the theory, or the computer program. Since the program has 
reached the limits of the IBM 709^ computer at the M.I.T. Computation 
Center, requiring several storage tapes and a long running time, 
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enlargement of the scope must "be accomplished "by splitting the overall 
program into separate units which may be calculated in successive 
stages. Use of the IBM system 360 computer would alleviate the 
current difficulties with program size. 
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LIST OF SYMBOLS 

The general nomenclature is given "below. Symbols with 
meanings other than the one designated "below are specifically defined 
in the text. Subscripts are also defined where used within the text. 

a transverse frsjne spacing, ft. 

a angle used to define location of structural members 
on the bilge turn 

AC area constant for plates, in. 

A, area of total cross section, sq, in. 

B breadth of ship, ft. 

3 angle used to define location of structural 
members on bilge turn 

BM bending moment imposed upon ship, tons-ft. 

c camber of main deck, ft.; and a locally defined 
constant 

C, block coefficient 
b 

d deadrise, ft* 

D depth of ship to strength deck, ft. 

E Young's modulus, psi 

F longitudinal frame spacing, ft. 

h water head, ft. 

H full load draft, ft. 

i subscripting index designating structural members 

IC inertia constant for plates, in x sq.. ft. 
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I total inertia of cross section about "base line, 
sq. in. x sq. ft. 

j index defining structural members 

k radius of gyration, in. 

K non-dimensional coefficient 

L spacing of webs and length of sections, ft. 

M bending moment on composite plate-stiffener 
beam, in-lbs . 

M, area moment of total cross section about base line, 
sq. in. x ft. 

N number of plates, or stiff eners in a section 

P compressive load on a member, lbs. 

fi angle of deadrise 

q normal loading on composite beam, lbs/ft. 

R bilge radius, ft. 

S.. primary bending stress, psi 

S p secondary girder stress, psi 

S- tertiary plate bending stress, psi 

S critical buckling stress, psi 

S T limiting primary stress, psi 

Li 

S y yield strength in tension or compression, psi 

u Poisson's ratio 

Y function of magnification factor used in Timoshenko 
formula 

w weighting function used when refining plate 
thickness 

W plate width, ft. 
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x horizontal coordinate of a structural element, ft. 

y vertical coordinate of a structural element, ft. 

Z section modulus of plate-stiffener combination, 
cu. in. 

Z , section modulus of composite beam specified by 
American Bureau of Shipping, cu. in. 

Z T section modulus of total midship cross section 
required "by Load Line Regulations, ft. x sq. in. 

Z_ section modulus required by Timoshenko formula for 
composite beam, cu. in. 



CHAPTER I 



INTRODUCTION 



This design synthesis is intended as a means for studying 
structural characteristics of the longitudinally continuous material 
at a ship midsection. Presently, the design is aimed at satisfaction 
of merchant ship criteria, hut the general theory is applicable to 
ships designed under either Naval or Merchant standards. The program 
is organized so that formulations and design criteria can easily be 
modified without disturbing the basic philosophy. 

Since the program is for preliminary design, no attempt is 
made to rigorously satisfy all specific details in the design process. 
A logical approach is evolved, based upon elementary structural 
principles; which yields scantlings capable of resisting loadings 
expected to be imposed upon any ship under study. The loadings and 
hull geometry are first defined, and then enough structural material 
is provided to just satisfy the governing design criteria. Therefore, 
the resulting structure is optimised upon a least weight basis. 

The applications of a computer to ship structural design is 
used most advantageously in a process involving iteration forocreating 
an optimum structural design. Therefore, each step of this design 
process is a building block in an iterative procedure. 

Principal dimensions for the ship are initially selected and 
from these parameters a coordinate system for the longitudinally contin- 
uous material at the midship section is determined. Then the scantlings 



of the longitudinal continuous members are calculated so as to meet 
given stress requirements. These scantlings are refined so that a 
minimum weight solution is attained which satisfies all strength 
requirements. Each refinement is considered as a complete design 
cycle, which will he referred to by number, e.g. "Cycle 1". 

Cycle 1 begins with a set of scantlings} changes them 
according to certain stress criteria, and then displays the results. 
At the beginning of the cycle, the initial set of scantlings undergoes 
change, where yielding under lateral load is the governing criteria. 
Then the cycle divides into two branches or sub-cycles which will be 
designated as Cycles A and B. Using the scantlings determined under 
lateral load, Cycle A attempts to satisfy the limiting primary bend- 
ing stress on the hull girder by increasing the thicknesses of those 
plates located farthest from the ship neutral axis. Using the same 
initial scantlings as Cycle A, Cycle B also attempts to satisfy the 
primary bending stress except that the plating thicknesses which are 
increased are those that buckle under the compressive primary stresses. 
At the conclusion of both cycles A and B, the scantlings are examined 
for deficiency in buckling strength. If the limiting primary stress 
is satisfied with plates that Gtilli/bucliley-itheuthiclinosscocof these:; 
plates are increased until buckling strength is satisfactory. 



The results of both cycles A and B are displayed and a 
decision is made: either another complete design cycle is to be 
initiated using the scantlings of Cycle A or Cycle B, or the design 
cycle is terminated with the scantlings of Cycle A or Cycle B. 
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CHAPTER II 
BASIC PARAMETERS 

The design synthesis begins with the selection of basic 
governing parameters. The geometric parameters define the hull 
geometry, the number of decks, bulkheads, and the type of framing 
system to be used within the sections formed by the shell, decks and 
bulkheads. Structural parameters such as limiting primary stress 
and bending moment can be calculated from the geometric properties of 
the ship or stated explicitly as initial criteria. Two equations used 
as the governing stress relationships to fulfill the physical strength 
of the material are: 



and 



where : 



(s 1 ) i + (s 2 ) i + (s 3 ) ± = (s y ). 



l'r 



'max — L 



(S, ) = ship bending stress 

(S Q ). = girder bending stress 

(S«). = plate bending stress 

(S ). - yield stress 

S = limiting primary stress 

-Li 

i = the plate number index 



(1) 



(2) 



In addition, the primary stresses must not subject the material to 
buckling failure. The standards to which the ship is being designed 
determine the manner in which 3 T is defined. In naval practice, the 
limiting stress and bending moment are given structural parameters . 
In merchant ship design, which this synthesis deals with, a restriction 
is placed upon the midship section modulus as given by the Load Line 
Regulations. To determine the limiting stress, the bending moment 
has been estimated by the relationship: 

L 2 • H • B . C 
BM = g £-. (3) 

35 

BM = bending moment, ft- tons 

L = length between perpendiculars, ft. 

H = draft, ft. 

B - breadth, ft. 
C-j-j = block coefficient 

From Eq. 3; the limiting primary stress is: 

BM 
S L = Z L (k) 

where Zj = required ship section , modulus . 



The value chosen for the "bending moment is important to the 
design and should be a realistic value which is expected to be imposed 
upon the ship under worst conditions. The present estimation is 
generally accepted as reasonable, but may be changed as "better 
formulations are developed. From Eq. k, the limiting primary stress 
is directly related to the required section modulus, therefore 
satisfaction of the stress requirements implies satisfaction of the 
structural requirements. 



CHAPTER III 
GEOMETRY OF THE MIDSHIP SECTION 

The development of the midship section geometry is the first 
step in the design sequence. In order to facilitate the determination 
of a general realistic coordinate system, the basic hull shape was 
kept simple. The shell is assumed to have a flat "bottom, perhaps with 
deadrise; vertical sides; a parabolic main deck. The other decks are 
flat and the possibility exists for inclusion of an inner bottom. 
Stiffeners 

Having selected the parameters for the hull geometry, the 
frame spacing for longitudinally framed sections must be determined. 
The cross section is considered as being divided into individual 
sections which are treated independently. These sections are the decks 
and inner bottom, the bulkheads, and the shell sections defined by the 
deck and inner bottom locations. Figure 2 depicts the arrangement of 
a typical cross section. 

From the nominal frame spacing, the actual frame spacing for 
each section can be calculated. First, the number of stiffeners are 
determined for each section based upon the desired nominal spacing. 



N i = ) 15 (L) 

F N (5) 
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Where ; 

N. = the integer number defining the number of 

1 stiffeners in section i 

L = the length of any section 

F = nominal frame spacing 

i = any section (A through H in Figure 2) 

Then the actual frame spacing for each section is found. 



- u 



F. = J i 3(L) 



N i (6) 

where ; 

F. = actual frame spacing of section i 

The actual stiffener spacing has been calculated to be as near 
as possible to, but less, than, the nominal. 

When the frame spacing has been fixed, the coordinates for all 

longitudinals are calculated. The base line will define the X axis, 

while the center line will be the Y axis . The mathematical and 

graphical representations are shown below and in Figure 2. 

Section A 

A = L = ( 9(L) = ( a(L) + ( r>(L) = Al + A2 
a a al a2 

(7) 



For Al; (on the flat bottom) 



X . = j • F . cos $ (8) 

aj " a 

Y , = j • F • sin * (9) 

aj w a 

* = 2 r d/ B (10) 



TOPICAL 
MIDSHIP SECTION 




FIG. 2 
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where , 

B = breadth 

d = dead rise 

j = number of jbh longitudinal in the section 

(J = 1,2,3, N al ) 

X = horizontal coordinate 

Y = vertical coordinate 

For A2; (on bilge turn, below inner bottom) when j = N , + 1, 



°j- >a ■ [-Tal a < L > - N al \ F J 

R 



R = bilge radius 
when j = (N al + 2), (N^ + 3), • • • N y 

a J= D^ N al +1 3 F a/R 



(11) 



(12) 



Section B 



Therefore, 

X , = B/o + R-(sin a, + sin * - 1) (13) 

aj c. j 

Y aj = R(l - cos a,) + d (lk) 

B = L. = J a(L) + J 8(L) = Bl + B2 

bl b2 (15) 

For Bl: (on bilge turn above inner bottom) 
when j = 1 



-[r «u>-v.] 



b IS bl 
B. = R (16) 

J 
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when j = 2, 3 , ... N, , 

P j = J * Vr (17) 

Therefore, 

y -B/ 2 + R[(rfm(i + a ba )-i + 



sin (3 . + * + a )1 

na >i (1 q } 

Y bj =d-R.[cos(P j + ? + a na )-i] ^ 

where cl^ = total angle (see Figure 2) 
For B2:(on vertical side above turn of bilge up to end of Section B) 

\j = B / 2 ( (20) 

Y bj - («5- K bi) F B- R B os < P J + $ + v3 

+R+D (21) 

where j = (H^ + 1), (N b2 + 2), ... N fe 

Section C (all 'tween deck portions of shell side are similar) 

Section E (Parabolic main deck) 

The general formula for a parabola is: 

Y = KX 2 + b (2*0 

e e x ' 

At X = 0: 

e * 

Y = D + C 
e 
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where 

D = depth of ship 

c = camber 
therefore , 

b = D + C 



At Y = D 

e 

X = B/2 

e ' 

and therefore, 



Hence; 



X ej - J ' p e (25) 

X . = D + c - 4c .X ,/B 2 
ej ej' 

j = 1,2,3, ... N e (26) 



Section F (all 'tween decks are similar) 





X fj 


- J . F b 






Y bJ 


= (Depth) - 


L d 




J 


=1,2,3, * • 


,N F 


Section 


G (inner 


bottom) 






g«J 


= J . F A when X 
A: 1 




otherwise 


'■ ) 






gj 


B / 2 " F a 
2 





gj 



(27) 

(28) 



(29) 



( X gj > B / 2 " F a> (30) 

Y . = height of center vertical keel, given by D/ in » 



13 



Section H (Bulkheads) 

The X coordinate of all bulkheads is fixed as being the 
nearest longitudinal frame, at the bottom of the bulkhead, to the 
nominally given distance of the bulkhead from the center line. 
Therefore, the bulkhead intersects a frame to provide a solid 
foundation. The Y coordinate of the longitudinals are measured by: 

Y hj = D K + F H • * < 31 > 

where, 

D, = height of a section at the intersection of that 
section with the bottom of the bulkhead. 

The sections defined above are typical of all possible 
divisions found on a standard cross section. Equations (27) and (29) 
show that the longitudinals on the inner bottom do not necessarily 
line up with the 'tween deck longitudinals, but are in line with the 
longitudinals on the flat bottom. This allows the struts to be 
vertical in the double bottom structure. Since the depth of the hold 
is large, any misalignment of frames will hardly affect structural 
efficiency. But the double bottom longitudinals must be aligned or 
strength will be greatly impaired. 

The general form of the equations remain fixed even though 
the configuration of decks and bulkheads may be varied. Of course, in 
the computer program, all eventualities have been considered so that 
the general forms are detailed and adopted for any particular arrangement, 
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Plate Seam Location 

Now that the stiffener coordinates have been fixed, the next 

step in the development is to determine the location of plating seams 
about the cross section. Since the width of plating to be used has 
been designated to vary with the size of ship constructed, a standard 
stock plating width varying with the vessel length is chosen as a 
nominal width on the midsection. Shipyard practice requires that 
longitudinals be located in advance of plating seams. Therefore, the 
stiffeners are set and the plate seams subjected to variation. The 
plan is to avoid any intersection of stiffener or section boundary 
with a plate seam. All seams resulting from the nominal plate width 
are examined and modified if less than three inch clearance is found. 
This tolerance is to prevent welding difficulties or metallurgical 
weaknesses. Since the design is presently for mild steel ships, 
standard welding procedure for this material can be practical under 
the clearances allowed, (i.e.} the stiffeners will be fillet welded 
and the plates butted). At present, the plate widths as derived from 
the nominal value do not conform to standard catalogue sizes. 
Adjustment must be made in order that all widths, when modified, main- 
tain a standard size. For convenience, widths for certain strakes are 
found directly from formulations which meet the ABS requirements, (9); (12). 
These are the top and sheer strakes, center strake, keel plate, and 
stringer strakes. 
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Other plate widths are found in a manner similar to the 
method used to find the frame spacing for each section. 

The hull shell, sections A through C, is divided into 
plate st rakes by: 

c 



N ac = $ d(L) - w r 



W s (32) 

where N = integral number of plates to be used for 
ac 

the shell other than those whose width 

has already been established. 

W = nominal standard plate width 
s 

W = established plate (keel, sheer, and top strakes) 
widths . 

The actual plate widths on the shell are found by; 
W ac = ) 3( L ) - W r 



ac 

where. W = actual plate width 

* ac * 



(33) 



All deck plates are found by: 
N. = fr 3.(L) - W r 



w s (3*0 



where 



W = the stringer plate width 

N. = integral number defining number of plates 
on decks excepting the stringer plate 



therefore, 



v.- Ji a ( L )-" r 



n ± (35) 



where W. = actual plate width of section 
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The inner bottom and bulkhead plating widths are found by the 
same formulas used for the deck plating except that W =0. 

The coordinates for all seams are found by the same formulations, 
equations (7) through (31), as were used for the stiffener coordinates. 
The only difference is that the plate width W. is substituted for the 
frame spacing F . As the coordinates for each seam are found, the 
seam is checked for conflict with stiffeners and section boundries. 
Should conflict occur, the seam is changed by three inches as mentioned 
previously. In actual practice this interference scarcely, happens, 00 
chat this small modification does not cause large fluctuations in plate 
widths . 
Lateral Loadings 

The pressure head acting on each plate seam and longitudinal 
can be calculated from considerations of the hull geometry. All pressure 
heads are defined as the maximum under either, a heel of 30°, upright 
under a wave crest, or a specified green sea height presently taken as 
5^25 feet on the main deck. Lateral loadings on bulkheads are also 
defined to be the appropriate water loadings, depending upon location. 
The maximum pressure head acting on the tween decks and the inner- 
bottom is presently set as the height of the tween deck and lower hold, 

respectively. These values are primarily from references (9) and (12), 
and do not account for local normal loads such as machinery. The 
required thicknesses from these head values were found (Ref . (9) and 
(12)) to conform closely to A.B.S. practice. 
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The formulation used to find the maximum heads are: 
For heeled condition; 

h. = [1 - Y ± + X.. sin 30°]. cos 30° 



(36) 
where , 

H = draft 

h. = head under heeling on members 

and under a wave crest, 

0.6 

h. = .6 . L - y. 

1 bp 1 

(37) 
The minimum head allowed acting on the main deck has been set for the 
present at 5,25 ft. 
Geometric Constants 

Although the scantlings of the structural members are yet 
unknown, geometric constants which are functions only of the coordinate 
system can be determined. For example, the area, first moment, and 
moment of inertia for each plate can be expressed as a function of 
thickness and width. Since the thicknesses are discrete values for 
each plate, integration is confined to the width of each plate. Except 
for the bilge and main deck, all plates are plane, and because each 
plate is of uniform thickness: 



AC.. = ? j d(L) 



i '-J """ (38) 

i 
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where , 



AC 



= area constant for plate I. 
The values for the first moment constant, MC . , and the inertia constant, 
IC, must be developed for every orientation of plating. 
On the flat bottom } 

MC i = 2 C X i " X i-lU' sin * (39) 



IC. = | Qx 3 - X^j.sin 2 * (40) 

Equations (39) and (40) apply to plates on the inner bottom and 'tween 
decks if * = 0. 

For plates on the bilge turn, 

MC. = 2t-R.(Q. - 9 ) t 2R 2 -(cos - cos 9 ) 



(hi) 



IC i = 2 r 2 . R.(9 ± - © i _ 1 ) t 



A / ™ n a \ . D 3 



h r«R • ( cos ©. - cos 9 i _ 1 ) + E D (Q ± - 9^) 

r3 
- | .(sin 2 Q - sin 2 9^) 

where 9 and r are defined in Fig. 3. For plates of the side 
shell or on bulkheads, 

MC i = (y 2 - y 2 ^) (4 3 ) 

IC i " | •<*? - 4i) <**> 



19 



RILGE PLATE 
GEOMETRY 




B/\SE line 



E1G. 3 



20 



The moment and inertia constants on the main deck are defined "by: 



MC, = 2 ((D + c-i^.X. ).1 + 
1 ±J B 2 1 L 



6kc' 



ax 



lc i - 2 



(D ♦ c - J§ . X 2 ) 2 . 
B 2 1 



1 + 



6hc c 
7 



ax 



(*5) 



(46) 



Equations (38) through (k6) are given as double the actual value in 
order to account for the total ship. 

The definition of a general coordinate system completes the 
first phase of the synthesis. Structural analysis has not yet been 
discussed and only geometric properties have been defined. No inter- 
action occurs between calculation of the coordinates and the structural 
design synthesis. Therefore, geometry is fixed henceforth in the 
design and scantlings are determined based upon this fixed coordinate 
system. 
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CHAPTER IV 
REFINEMENTS OF SCANTLINGS TO SATISFY NORMAL LOAD REQUIREMENTS 

The first development of each complete design cycle is to 
refine the initial thicknesses, which are chosen arbitrarily, for satis- 
faction of normal loading under a stress schedule governed by Eq. (.1). 
For each succeeding cycle, the initial thicknesses are those from either 
Cycle A or Cycle B of the previous design cycle. Proof that the choice 
of initial scantlings does not influence the final solution is given in 
Chapter VII. 

As shown in Fig. k, the sequence of refinement begins with the 
calculation of the geometric properties, (width, area, moment of inertia, 
etc.) associated with the initial thicknesses. Based upon these proper- 
ties, S, is found. Then S p and S_ are determined from Eq. (1). There- 
after, the stiffener scantlings are calculated in association with the 
plating thicknesses under the current stress schedule. Next, the exist- 
ing plate scantlings are changed slightly in an attempt to meet the 
normal loading to be allowed by the current stress schedule. The new 
set of thicknesses determine a new stress schedule which will be the 
governing criteria for a further change in the plate thicknesses. This 
iterative procedure continues until the thicknesses developed do not 
change the stress schedule. 
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Geometric Properties of the Plates 

The geometric constants , independent of the plate scantlings 

were calculated in the development of the coordinate system. The 

thicknesses of each plate are multiplied "by these constants to give 

the individual areas , moments and inertias about the "baseline for each 

member. These properties, together with the same geometric properties 

of the longitudinal stiffeners, yield the total areas, moments, and 

inertias of the hull cross section about the "baseline; 
TP TL 



where : 




i=l 3=1 



TP TL 

M + . « y U ± + y M (U8) 



t 

i=l j=l 



TP TL 

[ t=2L I i + ^ I j (V9) 

i=l j=l 



A. = AC. • T. 
i i 1 



M. = MC. • T. 
ill 



I. = IC • T. 
ill 



TL = Total No. of Longitudinals 
TP = Total No. of Plates 



2k 



T. = thickness of plating 

A t = cross sectional area of total midship section 

M. = area moment of total about "baseline 

I - moment of inertia of cross sectional area of 
total about baseline 

Stress Schedule 

As assumed throughout the design, the ship acts like a simple 

beam in bending, therefore basic flexural formulas are used in the 

development of the relationship between the bending stress and the 

imposed bending moment. Since the coordinate system is developed with 

the baseline as an axis, the stress is found with the base line as a 

reference. This avoids the necessity of depending upon a constantly 

changing neutral axis in the stress calculation. See Fig. 5* 

BM • C. 



< S A 



where : 



y °~ A t 



C i ■ Po - *i 



A t ~ y * 



I o= Z T- 


A t y o = X T " 


A t 


Therefore, 






< s i>i - 


M t -A t .y ± 




A t- • * - A 





BM 



(50) 
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Thus, given the vertical height of a structural member above the base 
line, the primary stress acting on the member is found from Eq. (50). 
Calculation of Longitudinal Stiffener Scantlings 

As seen in Fig. K, the values of stiffener scantlings lag 
behind the plate thicknesses after each refinement. This is because 
the stiffeners are associated with plate thicknesses found under a 
stress schedule which is one step behind the current refined thicknesses. 
From the nature of the iteration, one step must always lag behind the 
others, therefore the least harmful effect was chosen. The stiffeners 
amount to approximately 20$ of the cross sectional area of the plating, 
thus if the scantlings are not current, the effect on the stress 
schedule as reflected through the area, moment, and inertia, is small. 
As the plate thicknesses are further refined, causing a convergence on 
a constant stress schedule, the stiffener scantlings become updated and 
finally match the plate thicknesses. 

In the design of stiffeners for the longitudinally framed 
sections, the scantlings must be of sufficient size so that the section 
modulus of the stiffener effective plate combination is equal to, or 
greater than the section modulus required by instability and yielding 
criteria. St. Denis Ref. (17)^ states that: 

5 1 + S 2 ^ V25 

therefore, the maximum girder stress becomes; 

5 2 = S y /1.25 - S x (51) 
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To calculate the required stiff ener scantlings, the longitudinal 
is assumed clamped at its ends "because of structural continuity. The 
effective plating width is assumed equal to the minimum of: one frame 
space, or 60 times the thickness of plating. 

The geometric properties of the stiffeners used in the compo- 
site beam are derived from the properties of a basic stiff ener. The 
required stiffener is determined by a proportionality constant which is 
simply a scale factor and is related to the basic stiffener as shown 
in Fig. 6. The proportionality constant must vary the basic stiffener 
scantlings so that the composite beam has the required section modulus. 
As seen in Fig. 6, the proportionality constant can not be expressed as 
a direct function of the section modulus . The effective plating width 
is selected to be used in combination with several proportionality con- 
stants, and using constants ranging from 0*3 "to 606 the properties are 
plotted against the resulting composite section modulus. Then, by 
LaGrangian Interpolation Ref. (11), the required section modulus may 
be used to determine the necessary proportionality constant. The 
basic stiffener for the present, is a structural - T, cut from a 
WF - I, and is of sufficient size so that all possible ranges may be 
conveniently handled. Once a proportionality constant has been 
determined, any geometric property of the required section is related 
to the basic stiffener by this constant. 

To determine the required section modulus, the longitudinal 
is assumed to act as a beam-column member. Timoshenko's formula, 
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Ref. (18), for a clamped "beam under combined lateral and axial loads is 
used to calculate the required section modulus. 



M 



max 



= 12 



3(tan V - V) 
V 2 tan V 



(52) 



where, 

M = maximum bending moment of the beam at the 

clamped ends 
q = normal load per unit length 
L = length of beam 



V = 



' /fcEI 



%A \ 



E 



and, 



P - compression loading 
k = radius of gyration 
E = Young's modulus 
Using the above relationships «, and the basic relationship 
between bending moment and section modulus, 



T? 12 S, 



3- 



tan V - V 



V . tan V 



(53) 



where 



Z~ = required section modulus from Timoshenko formula 
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Equation (53) is seen to be comprised of two parts, the 
standard normal loading and a magnification factor. The first is the 
result of only the water head or any of the normal loads on the beam. 
The second factor indicates the amount that the normal loading is 
magnified due to compressive stresses acting on the beam. Rather 
than define the two effects separately, the single section modulus is 
a result of compounding the normal load with an indicator reflecting 
the magnitude of the compressive stress. Therefore, since both axial 
and bending stresses are either known or set, a section modulus may 
be determined. 

When the actual compressive load is small in comparison with 
the critical buckling load, the magnification factor is approximately 
unity indicating that the axial loading effect on the deflection is 
negligible. Thus, the value of the required section modulus is 
that necessary to resist bending under the normal hydrostatic load as 
if no compressive load were present. But when the loading approaches 
the critical value, the value of V approaches /2, and the stiffener- 
plate combination collapses . 

The selection of proper cross-sectional dimensions for the 
longitudinal must be made by iteration. Values of the primary and 
secondary stresses, as well as plate thicknesses are known each time a 
stiff ener must be calculated. The strake width associated with each 
stiffener remains constant because the coordinates of stiffeners and 
plates have been fixed. Since the scantlings must have minimum 
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values which satify A.B.S. requirements, the stiff ener scantlings are 
initially chosen from Table 2 of the Rules. The section modulus of 
these stiff eners together with the associated plate is given in 

Ref . (10) by: 

2 

7 = N _* L 
abs ~2W~ 

(5*0 

where ; 

Z , = A.B.S. required section modulus 
abs 

L = web spacing (length of beam) 
N = F. • h. • C 
c = constant depending on location of stiffener 

and the boundary conditions 
i = particular stiffener considered 
Chapter VIII discusses the fact that this formula defines the 
moduli of ABS stiffeners in combination with plates whose effective 
breadth is approximately 60 times the thickness . When the axial 
compressive loading is small compared to normal loading, Eq. (53) is 
shown to be closely related to Eq. (5*0* 

The ABS value of section modulus is judged to be a lower limit 
because the section modulus prescribed is based upon the normal loading 
only. But this minimum value must resist the actual combined axial- 
lateral loading under the current stress schedule, without failure. 

L 
Therefore the slenderness ratio, £, of the ABS plate-stiffener combina- 
tion is substituted into Eq. (53) a nd the required section modulus to 
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prevent buckling is determined. When the assumed combination is 
insufficient, the ZL will be larger than the Z , . Therefore, a 
larger section modulus is tried in the next iteration. This new 
trial is taken as the mean of the assumed and required modulus in 
order to insure a convergence without oscillation. When the assumed 
section modulus yields a slenderness ratio that results in satisfaction 
of Timoshenko's relationship, the stiff ener-plate combination is 
judged satisfactory. 

As the section modulus of the trial section is increased, 
the stiff ener increases in size and as a result, the neutral axis of 
the combination moves out toward the stiff ener flange. This generally 
results in a smaller slenderness ratio and has less susceptibility to 
buckling failure. 

Since every longitudinal must be redesigned for every change 
in stress schedule, and this cycling procedure must be carried out 
for each stiffener, vessels purely longitudinally framed require 
nearly twice the computer time as do purely transversely framed ships. 
As the number of longitudinals increase, they become a greater percent- 
age of total cross sectional area. Since small increase or decrease 
in thicknesses also result in a corresponding change in stiffener 
scantlings, a relatively large change in cross sectional area may occur 
even though the change due to plate thickness variation itself i s small. 
The primary stress would then vary more than might be expected from the 
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small thickness variation. The weighting function used to change 
thicknessess should therefore be modified to account for the effect of 
stiffener area variation so that the rate of total section area 
change can not cause oscillations which would slow down convergence. 

For the side longitudinals, a constant primary bending stress 
equal to the maximum stress on the side shell section was assumed. 
From Eq. (51) this assumption implies that the longitudinals are 
subjected to a constant secondary stress also. This is not altogether 
unreasonable and the ABS appears to determine its section modulus 
for longitudinals under such an assumption. The Rules require con- 
stant side plating thickness, also implying a constant primary stress 
or at least neglecting variations as a practical matter. The fact 
that the side shell is subjected to many lateral forces other than 
water pressure , for instance, warping and docking loads > lends 
rationality to this assumption • Another consideration is that 
shear loading increases with proximity to the ship's quarter length, 
so that additional strength should be provided near the neutral axis 
at such locations. Uniformity in the depth of the side longitudinals 
is desirable for cargo stowage since cargo battens can be attached to 
the stiffener flanges. The assumption of constant secondary bending 
stress over the side shell sections is obviously not an inherent 
requirement of the design synthesis « But the assumption is apparently 
in keeping with the philosophy of the ABS Rules for longitudinally 
framed cargo ships. For naval vessels, or for a more discriminating 
rational design, the actual stress can be used without upsetting the design. 
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Refinement of Plate Thickness 

The thicknesses of the plating are now modified to meet the 
stress schedule set by the first three steps in the refinement. This 
is a significant phase of the design since the basic plate scantlings 
are now determined. As the design is aimed, at present, to satisfy 
A.B.S. Rules, the formulas for the plate thicknesses closely parallel 
A.B.S. criteria. Table 1 is a summary of all the thickness relation- 
ships based on normal loadings. These formulas are subject to revision 
when the design standards are changed. 

A difficulty arises in the analysis of the boundary plates 
existing between two adjacent sections with different framing systems. 
This may occur on the side shell, where the plate seams have been 
determined without regard to the section boundaries. Therefore, plates 
overlap the section boundaries so that the two sections share a common 
plate. A thickness requirement must be stated for the common plate 
between two adjacent, but differently framed sections. This difficulty 
does not arise for the decks or bulkheads since the plate seams 
can not overlap boundaries for these sections. 

For a ship which is to have any possible framing system, it 
would be impractical to fix the plate seams so that they do not overlap 
section boundaries. A method could be devised perhaps, but that would 
not be a practical solution of the problem since the only basis for 
disturbing the present arrangement would be the inability to analyse 
the existing seam geometry which was selected to approximate realistic 
practices. 
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Rather than search for an exact solution, an expedient, but 
pragmatic approximation was sought. One approach might have been to 
test the strength requirements under the two framing systems and let 
the most severe requirement govern the design of the common plate . 
This solution breaks down when the most severe requirement applies to 
a plate which lies nearly completely in the section with the less 
stringent criteria, which would result in an excessive thickness 
requirement. The best approach seems to be to examine the plate seam 
and determine in. which section most of the plate width exists, and 
let the framing system of that section determine the plate thickness. 

When examining transversely and longitudinally framed panels, 
the boundary conditions are by no means exact. The only definite 
boundary conditions for ship's plating is that the degree of restraint 
lies between simple support and clamped conditions o The viewpoint 
adopted in this design synthesis in considering individual plate 
panels is to assume simple support along all edges for longitudinally 
framed panels, and clamped-loaded edges and free-unloaded edges for 
transversely framed sections. The fact that the boundary conditions 
are at best only assumptions, does not impose a limitation on the 
overall design synthesis, since it will only involve modifying the 
formulas in Table 1, should changes become necessary. 

For transversely framed sections under lateral load, the 
midpoint of the panel's long side is critical and the allowed stress is 

( Vi ■ <Vi - (S A - (s 2>i 
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where (S Q ). is approximately zero. But for longitudinally framed 
panels, the midpoint of the short side is critical and the S p stress 
is assumed 3000 psio This could "be verified during later cycles if 
desired. 

(S 3 ) 1 = (3 ) ± - (S 1 ) ± - 3000 

The relationships are all standard structural formulas for 
plates under normal loads. The difficulties encountered in analysing 
plates with discontinuities of thickness are beyond the scope of basic 
design formulas. Therefore, when seams lie between supports, the 
discontinuities in thickness are ignored, and a panel of constant 
thickness equal to the thinnest plate is assumed in the analysis. 

The specific plate requirements indicated by an asterisk in 
Table 1 have been taken directly from Ref . (8, S, or 12) to reproduce 
ABS Rule requirements. Substitution for these standard formulas is 
easily made should ABS Rule requirements be ignored. The center 
vertical keel thickness is arbitrarily given the same thickness as the 
main deck stringer plate. This assumption is made only for convenience 
in the design and should be changed as soon as a reasonable relation- 
ship can be defined. 

The mechanism used in changing the plate thicknesses is the 
central theme in this phase of the design. The formlulations listed 
in Table 1 are only limiting values on which the thickness modifications 
are converging. Since the new thicknesses are always designed from a 
stress schedule one step behind the current thicknesses, the final 
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scantlings must be found by evolution rather than by direct substitution. 
No "a priori" knowledge exists about the final distribution of plating 
thickness and the corresponding stress schedule. Therefore, there is 
no justification for direct substitution of thicknesses. The best 
method for converging upon the ultimate solution is to change the 
existing plate thicknesses,, determine the new stress schedule, and 
then change the thicknesses again, until the new stress schedule 
matches the previous one . 

The old and new thicknesses may be related by the formula: 

(T t ) R + « . (T t ) o 

(T ) = 

iN w + 1 (55) 

where : 

(T.Ju = new plating thickness. 

(T. ) = old plating thickness from previous refinement. 

(T.) = thickness required under normal loading to 
meet stress schedule. 

w = weighted averaging factor. 

As seen in Eq. (55 )) the new thicknesses are simply a weighted 
average of the old thicknesses and the thicknesses required by the 
current stress schedule. 

During this refinement procedure based upon normal loading in 
Cycle 1, all plates are changed according to Eq. (55); "but in subsequent 
design cycles this change must be directed away from certain plates 
which have been changed to meet other criteria. More specifically, these 
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are the plates that buckle and the plates whose thicknesses have been 
increased to satisfy the deficiency in primary bending strength. Should 
these plates be continuously changed according to normal load, the 
increase of thicknesses to these plates would be destroyed. Therefore, 
the plate thicknesses which have been increased to satisfy either 
buckling or bending strength in Cycle 1, should not be changed by the 
refinement based on normal loading in Cycle 2, and in subsequent design 
cycles. Thus, a record of all plates which have been changed to 
satisfy buckling and bending strength requirements must be kept. 
This can present a bookkeeping problem since the set of initial 
thicknesses selected for Cycle 2 and subsequent cycles are those from 
either Cycle A or Cycle B of the previous design cycle. This problem 
can be solved by assuming that the location of plates which buckle are 
in regions of highest stress. Since the regions of highest stress 
level and the location of plates whose thicknesses are best increaaed 
to satisfy limiting stress requirements coincide, the problem is 
reduced to specifying these regions during each design cycle. 

When the top fibers are found deficient in primary bending 
strength, all plates above the topstrake are designated as being 
regions of high stress. Similarly, the bottom plating up to the top 
of the bilge is the region of high stress when bottom fibers are found 
deficient in bending strength. The assumption that plates which buckle 
be in regions of highest stress may not be entirely true for all 
ship designs. A more concise method should be developed which ensures 
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that the correct plates are being refined under normal loading, and so 
that the increase of thicknesses in a previous cycle is not destroyed. 

The weighting function used in Eq. (53) is developed to make 
the most rapid change in plate thicknesses "be proportional to the 
distance of a plate from the location of strength deficiency. 
Examination of Eq. (55) "will reveal that for values of w greater than 
one, the new thickness will be closer to the old thickness than to the 
new required thickness, so the rate of change of thicknesses may be 
slowed by increasing w. The various values of w are listed below: 

When the top fibers are deficient in primary bending 
strength: 



w = 6 - 



3Y. 

"D" (56) 



When the bottom fibers are deficient in primary bending 
strength: 

3Y i 

W = 3 + — (57) 

When both top and bottom fibers are deficient: 

, 3(S A 

W = 3 + (a \ 

^Vbottom (58) 

When both top and bottom fibers are satisfactory, the 
weighting function is given a constant value of 3-5« 

The purpose of defining various values for w is to minimize 
the number of refinement cycles. Since a definite limit has been 
placed on the number of refinement cycles in order to conserve 
computation time, the best refinement is made with a continually vary- 
ing weighting function. 
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The implications of each step in the refinement process are 
carried throughout the entire synthesis. Errors can "be very costly at 
this step in the design. However, none of the assumptions made thus 
far are of the type which are critical to the design logic . Each 
assumption has teen made after careful consideration of the alternatives 
When "better assumptions are developed, they may "be implemented without 
upsetting the "basic design philosophy. 
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CHAPTER V 
THE MAIN CYCLE 

General Description 

Upon completion of the refinement subcycle, the hull 
structure is capable of resisting local loading of the plate panels 
under the imposed stress schedule. The synthesis now considers the 
hull girder as a simple beam in bending. The criterion first 
examined is the limiting hull girder stress restriction, then resistance 
to buckling is examined. The design philosophy is to satisfy both 
restrictions independently. Therefore at the completion of the 
refinement subcycle, the design cycle branches into two iterations , 
called Cycle A and Cycle B. 

The scantlings determined from the refinement subcycle are 
checked for satisfaction of the limiting primary stress restriction 
before entering Cycle A. If deficient, the scantlings must be 
modified by increasing the thicknesses of plates located in critical 
stress regions. 

For purposes of defining these regions, the hull cross section 
is divided into top and bottom sections. The bottom is defined as 
all plating below the current ship neutral axis . The top section is 
all plating lying above the neutral axis . Cycle A attempts to satisfy 
any deficiency in bending strength by increasing the thicknesses of 
plates that are most efficient in reducing the primary stress. These 
plates will be the ones located at the fibers most distant from the 
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neutral axis. Cycle B is similar in operation to Cycle A except that 
it attempts to satisfy the limiting primary stress criterion by 
increasing the thickness of plates which are found to buckle. Both 
cycles act on the same set of scantlings, but yield different results 
because the plate thicknesses to be varied are selected under different 
criteria. 

Cycle A begins with a definition of the plates whose scantlings 
are to be changed. The amount that each plate thickness is incremented 
must also be set. Since those plates at the extreme fibers are most 
efficient in reducing the primary stress, the keel plate is selected 
to absorb one-third of any of the thickness additions on the bottom. 
The other two thirds will be evenly distributed over the bottom shell 
up to the top of the bilge turn. Any additions to the top plating will 
be distributed such that one-twelfth of any thickness additions is 
added to the top side shell and sheer strakes, one-sixth to the stringer 
strake, and the remainder distributed over main deck plating. These 
ratios are subject to modification, but were set to avoid any abrupt 
discontinuities in plate thicknesses. 
Linear Extrapolation 

The method of satisfying limiting primary stress is a direct 
application of the linear extrapolation found in Ref. (l4). A linear 
relationship is assumed between area addition and decrease in stress. 
Although this relationship is in reality nonlinear, for small changes 
the linearity assumption holds. Figure 7 is a general representation 
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of this assumption. The actual stress-area, (stress - thickness), 
relationship is found as in Curve 1, while the assumed relationship 
is represented "by Curve 2. The linear extrapolation "begins at a 
point A. A small incremental increase in area will cause a correspond- 
ingly small decrease in stress. This will determine the slope of the 
line 2. The actual required decrease in stress, (S - S ), can then 
"be extrapolated using the slope of the line. The resulting area 
increase will not satisfy the limit stress requirements due to the 
nonlinearity of the relationship. But each succeeding cycle will 
require a smaller decrease in stress, therefore the resulting area 
increases will more nearly approach satisfaction. 

The linear program begins with a definition of the stress 
schedule due to increments of thickness at either the top or bottom of 
the hull girder. Small thickness additions are made to the plates in 
the top section which have been designated to absorb the thickness 
additions, and the resulting stress schedule is calculated. Similarly, 
the bottom plates selected to absorb the thickness additions are 
increased a small amount and the resulting stress schedule is found. 
Also, the stress deficiency at both the top and bottom fibers are 
determined using the thicknesses calculated in the refinement subcycle. 
The values defined by this operation are: 

D-, The small change in primary stress, S, , at the top 
fiber when the top thicknesses are incremented. 

D The small change in primary stress, S.. , at the top fiber 

when the bottom thicknesses are incremented. 

Dp, The small change in primary stress, S]_, at the bottom fiber 
when the bottom thicknesses are incremented. 
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D 00 The small change in primary stress, S, , at the bottom 
fiber when the bottom thicknesses are incremented. 

8t The small increase in thicknesses of the top plates . 

dt p The small increase in thicknesses of the bottom plates. 

DEF-. The stress deficiency in the top fiber at the end of 
the refinement subcycle. 

EEFp The stress deficiency in the bottom fiber at the end 
of the refinement subcycle. 

The above values are sufficient to determine the slopes of 
the line relating the areas to the stresses . The thickness increase 
is used as a direct representation of the area increase. 

Enough information exists to define a linear program which 
will add enough area at the correct locations to satisfy the limit 
stress. The linear program used in this synthesis is an elementary 
two-dimensional application of the general problem described in 
Reference (k). Figure 8 is a graphical representation of the problem 
where the symbols are defined: 

X.. , = -sr— rate of decrease in stress at the top fiber due to 

1 an increase of top thicknesses. 

D 12 
X, p = Tjr— rate of decrease in stress at the top fiber due to 

2 an increase of bottom thicknesses. 

D 21 
X n = -K7— rate of decrease in stress at the bottom fiber due 

1 to an increase of top thicknesses. 

Dpp rate of decrease in stress at the bottom fiber due 
X = — — to an increase of bottom thicknesses . 
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dt 2 
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A rate of area increase at the top due to unit thickness 
increase. 

A_ rate of area increase at the bottom due to unit thickness 
increase. 

T all plate thicknesses added to top. 

T_ all plate thicknesses added to bottom. 

I the total amount of area added to the hull cross section 
by the linear program. 

The linear programming problem is to minimize the total area 
added, subject to the constraints imposed by the limit stress. 
Intuitively however, certain facts lead to a simple graphical solution. 

Since area is to be only added to the cross section, the 
slope of I is negative as shown in Fig. 8. The only possibilities for 
a solution which minimizes I and also satisfies the constraints are the 
points A, B, or C, which are extreme points of the convex region. 
Without calculating values of I, it is known that if only the top 
stress is deficient, then the slope of I will be so steep that point 
A will be the solution and only thickness additions to the top plates 
yield the minimum area to be added. Similarly, if only the bottom 
stress is excessive, point B will be the solution and only thickness 
additions to the bottom plates yield the minimum area. But if both 
stresses are deficient, then area must be added to both bottom and 
top plating. This is reflected in Fig. 8 by the line I at the point 
C, which yields the minimum value of I. 
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The values of T, and/or T p corresponding to the solution point 
are distributed over the previously defined top and/or bottom plating, 
and the linear program is complete. As mentioned in Chapter IV , 
everytime the plate thicknesses and stress schedule are varied the 
stiffener scantlings must be modified. This operation is, therefore, 
carried on through the main cycle to keep the stiffener values 
compatible with the current stress schedule. 

The stress schedule resulting from the linear program will 
satisfy the limit stress restriction only if the original deficiency 
is small, since linearity only holds over a very small portion of the 
stress-area relationship. If the deficiency was large, subsequent 
cycling will result in satisfaction of the limit stress requirement. 
Should the solution to the linear program result in satisfaction of 
the limit stress, plates could still buckle under the existing stress 
schedule. As a final check, the plates susceptible to buckling are 
increased by the method described in Chapter VI. 

Cycle B, as mentioned earlier, is very similar in operation 
to Cycle A. The plate thicknesses as determined by the refinement 
subcycle are examined for buckling failure. These plates are then 
divided into appropriate top and "bottom sections. The linear program 
is again performed as in Cycle A and the results are checked for 
buckling failure if the limit stress is satisfied. 
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.; . Recycling 

Now that one design cycle is completed, several alternatives 
present themselves. An interruption is made in the cycling process in 
order to sort out the alternatives and tabulate the results. 

One possibility is that the design is complete. This would 
mean that the scantlings derived in Cycle A and/or Cycle B satisfy all 
required criteria. When both cycles satisfy the governing restrictions, 
the least weight solution scantlings corresponding to either cycle 
would be the final solution. Should only one of the cycles fulfill all 
restrictions, it .might be chosen as the final solution. The inadequate 
results of the other cycle could be reiterated, but then results from 
new Cycles A and B occur, so that selection must now be made from 
three sets of solution scantlings. This sequence of eventualities is 
unlikely because of the inherent operation in the linear program. 
Although Cycles A and B operate on different plates, the resulting stress 
decrements are approximately the same since the operations of the linear 
program in both cycles attempt to satisfy the same deficiency in limit 
stress. The area additions may differ because the plates that are 
operated upon by the linear program in the two cycles may be in 
different locations on the hull girder. Thus the results of Cycles A 
and B are generally satisfactory simultaneously. 

When the design is terminated with Cycle A or Cycle B, the 
increase of plating thickness by the linear program or by the buckling 
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strength requirement decreases S and relaxes the S restriction. The 
present synthesis fails to refine the plate thicknesses due to the 
relaxation of the S_ stress. However, recycling does produce this 
refinement, and implementation of the refinement process at the ends 
of both Cycle A and B is easily done . 

When the results of both Cycles A and B are deficient in 
bending strength, further iteration is necessary and a choice must be 
made between the results of A or B for starting the new design cycle. 
An "a priori" decision must be made based upon existing data as to which 
selection will eventually yield the least weight solution. Pertinent 
data to consider are the normalized weight and the degree of inadequacy 
in bending and buckling strength for the two cycles . 

Unfortunately, any indications as to the final least weight 
solution can be deceiving. The current least weight solution may 
yield a greater weight at the end of the next design cycle than would 
the selection of the current greatest weight solution. This could 
occur if the greater weight solution were closer to satisfying the 
stress criteria. Investigation may determine the relationship between 
weight and the degree of stress satisfaction. However, any meaningful 
relationship to predict the consequences of a given selection must 
cover all possibilities and the number of possibilities being 2 where 
n is the number of design cycles. This uncertain aspect of the design 
should be eliminated. A slight change in the design philosophy could 
remove any need for human intervention, but extensive revision of the 
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computer program would be necessary. The explanation which follows is 
a means of eliminating human intervention without changing the general 
theory of the design process . 
Alternate Cycling Procedure 

Rather than making two attempts at satisfying limit stress 
using plates in the linear program that are selected under different 
criteria, a single consecutive examination might be made. In the 
present design process, the plate scantlings determined by the refine- 
ment subcycle are examined for buckling strength in Cycle B. Those 
scantlings which are deficient in buckling strength are increased to 
satisfy the bending strength requirements by the linear program in 
Cycle B. The change under discussion would be to examine the scant- 
lings resulting from Cycle A for buckling, and to increase those plates 
that buckle by a linear program based on the deficiency in buckling 
stress. The difficulty of this change is in the linear program. 
Since the deficiency in buckling stress will be the governing 
criteria for determining the rate of increase in plate thicknesses, a 
new linear program must be developed. Investigation would be 
necessary to determine the degree of linearity between plate thickness 
increases and reductions in buckling stress deficiency. An attempt to 
use the present linear program again to satisfy buckling strength fails 
because the rate of increasing plate thicknesses depends on the degree 
of primary stress deficiency. Since the present linear program is 
based on limit stress deficiency, after Cycle A the deficiency will 
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have been greatly reduced or may even be zero. Thus, any attempt to 
satisfy buckling strength based on this reduced deficiency would fall 
short of its goal. 

Should this alteration prove feasible, there would be no need 
for human intervention. Results at the end of each cycle would be 
displayed as in the present design, but cycling would be automatic 
because only one set of scantlings would be developed in an attempt 
to satisfy both buckling and bending strength requirements simultaneously 

The present synthesis does not yield erroneous results because 
of the necessary interruption. The complete design requires, at most, 
three cycles and the comparisons between Cycle A and B yield similar 
scantlings . 
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CHAPTER VI 
Buckling Investigation 

Plating thicknesses thus far have been determined according 
to local hydrostatic loads and primary bending strength criteria. At 
some point in the design, local stability under compressive loading 
should be tested. This type of failure is due to buckling of the 
panels between supports and does not include buckling of the plate- 
stiffener combination which has already been examined for first 
cycle conditions. 

The design philosophy is to best satisfy all governing 
criteria without emphasizing one at the expense of another. Examination 
for plate buckling should be integrated within the design so that an 
attempt can be made at satisfying this restriction in an optimum 
manner. Presently, plates are checked at two stages of the design; 
at the beginning of Cycle B in order that appropriate plate thicknesses 
may be increased; and then at the end of both Cycles A and B in case 
all other criteria are met with plates still liable to buckle. 

Two formulations are used to predict instability failure. 
For sections which are longitudinally framed, Bryan's formula is 
used. 



S 
cr 
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where, 
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S = Critical "buckling stress 
cr 

F. = Frame spacing associated with T. 

li = Poisson's ratio 

K = Constant depending upon aspect ratio and 
boundary conditions. 

Within longitudinally framed systems, plate seams lie between 
longitudinals sometimes resulting in panels with thickness discontinui- 
ties. The panel thickness used in Bryan's formula will be that of the 
thinnest plate, resulting in the most conservative critical stress. 
Transversely framed sections are analyzed by Montgomerie ' s formula, 
based upon the boundary conditions assumed for transversely framed 

panels . 

s _ ^0,300 



cr - I.75 
1 + 4n (£) 



950 ^T. ; (60) 

where , 

a = transverse frame spacing. 

Again, differing thicknesses occur within each section. The 
problem in this case is different from that of longitudinally framed 
sections. There, only two different thicknesses are possible; and so 
a simple assumption is possible. Here, choice of the thinnest plate is 
erroneous because the next size plate thickness might buckle also. In 
the present design, all strakes are examined with the assumption that 
the thickness of the plate being examined extends over the whole 
section. In this way, a conservative test is made since the contribu- 
tion of the thicker plates is ignored. The thickness of all susceptible 
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plates will be increased; so if more than one plate in a section 
buckles, the assumption that each thickness extends over the section 
is plausible, even for plates not necessarily the thinnest. An 
argument may arise that this method is overly conservative, since more 
thickness than necessary will be added to the less susceptible plates . 
However, if only the thickness of the thinnest plate is increased, all 
the necessary thickness to satisfy primary bending will be added to 
just one plate, resulting in an unrealistic thickness distribution. 
The present arrangement seems to be the most pragmatic choice under 
all eventualities. 

At the point in the design development before Cycle B, 
plates are only checked for buckling failure. The satisfaction of 
buckling criteria is not attempted directly, but instead the linear 
extrapolation will increase the plate thicknesses under primary 
stress criteria. Should the limiting stress be satisfied, the 
thicknesses of these plates must be directly varied, but in an 
optimum manner. 

By rearranging Equations (59) a^cl (60), the necessary plate 
thickness under the current stress schedule may be determined. 

For transversely framed sections, Eq. (60) becomes: 



T 
req 
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and for longitudinally framed sections, Eq. (59) becomes: 



12 (l-u, 2 )S, 
T = P .1/ p 

re Q X l Ktt V 

Ktt E (62) 

Since increasing plate thicknesses will relax the stress 
schedule, directly replacing deficient plates with the required 
values will result in ovei -compensation. Therefore, the deficient and 
required thicknesses are averaged and the new stress schedule is 
again checked. When the difference between the required and actual 
thickness becomes negligible, the iteration is terminated and the 
deficiency is alleviated. This iteration is the final step of the 
design and is only necessary when all other criteria have been satisfied, 

An example may help demonstrate the optimality of the present 
scheme of thickness variation. When the limit stress is unsatisfied, 
the feasibility of using two separate cycles is apparent, but should 
limit stress be satisfied by the distribution of thicknesses based 
upon normal loading, then Cycles A and B are unnecessary. Perhaps a 
direct choice might have been made in the original refinement between 
the most stringent requirement, that of normal loading, or that of 
buckling instability. This is the method used in References (8) and 
(12). The same effect is achieved by the present synthesis. First, 
normal loading is satisfied, and then buckling is prevented by 
incrementing deficient plate thicknesses. The relaxation of the 
stress schedule allows thinner plates elsewhere and, therefore, this 
method best satisfies all criteria. 
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CHAPTER VII 
Discussion of Initial Thicknesses 

In order to satisfy the promise that the final scantling 
results will be optimal, the selection of arbitrary initial scant- 
lings must be shown to converge upon a unique solution. The following 
discussion, together with some sample trials, demonstrate that any 
reasonable plate thicknesses may be chosen initially. Then these 
thicknesses can be refined to a unique and final set of scantlings . 

Requiring that the initial selection be reasonable, implies 

only that good engineering judgment be used. For example, selection 

of extremely thick plates will require many cycles in the refinement 

subcycle to reach the final solution. When very thin plates are 

selected, a more serious consequence arises. The resulting cross 

sectional area may become so small that the primary bending stress 

exceeds y . As a result, S p from Eq. (lj-9) becomes negative by 

1.25 
Eq. (51) and the design process breaks down. A safeguard has been 

built into the synthesis which increases all the thicknesses before 

the first trial when the initial plate scantlings are too thin. 

The problem of inadequate cross sectional section modulus 

arises with large shallow ships. Under lateral plate loading, the 

thickness requirement is not severe because of the small water head 

due to shallow draft. However, the resulting ship section modulus, 

together with a large bending moment may define large primary 

stresses. Therefore, even though adequate plate thicknesses are 
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initially selected, the refinement subcycle may drive these thicknesses 
down to values which cause a breakdown in the design. The safeguard 
mentioned above halts the refinement when indication of this trouble 
arises . This explanation will be developed further when the refine- 
ment process has been fully demonstrated. 

The demand that the arbitrary initial thickness selection be 
reasonable should not be viewed as a restriction, since the only 
penalty is excessive computation time, not an incorrect solution. 

A singular solution is found by subjecting the scantlings to 
two independent constraints. The magnitude and distribution of the 
hull cross sectional area must be unique. The plate thicknesses 
govern the design since the stiffeners are calculated after the plate 
scantlings. During the refinement of the plate thicknesses, the 
stiff ener scantlings are also changed. But because the stiffeners are 
a small percentage of the total cross sectional area, and since the 
refinement process is carried out at a slow rate, any fluctuations of 
stiffener scantlings will not affect the refinement of the plate 
thicknesses to any degree. 

The distribution of the initial plate thicknesses is governed 
entirely by local loading. The thicknesses used are either those 
required by local hydrostatic loads (with due allowance for other 
loadings) or in a few cases, by the ABS Bules. The final orientation 
will be according to one of these local demands. 
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Initially, the thicknesses may be larger or smaller than the 
final refined thicknesses. In either case, the final distribution will 
be unique with the greatest thicknesses on the bottom, and decreasing 
up the side of the hull. Should the initial thicknesses be excessive, 
the resulting primary stress will be low because the cross section is 
large. Therefore, the tertiary stress allowance is more liberal for 
each plate, permitting a decrease of the plate thicknesses. Smaller 
plate thicknesses decrease the hull cross sectional area and increase 
the primary stress. This, in turn, decreases the allowable tertiary 
stress which may or may not permit the plate thicknesses to be 
decreased further. Convergence is reached when the tertiary stress 
requirement no longer allows the thicknesses to be decreased. In a 
similar fashion, when the initial cross sectional area is deficient, 
the tertiary stress requirement is too severe and plate thicknesses 
must be increased. As a result, the primary stress is lowered, the 
tertiary stress allowance is relaxed, and the plate thicknesses may 
be further increased. When thicknesses have been increased sufficiently 
so that the tertiary stress requirement is satisfied, convergence is 
reached. The variation of plate thicknesses does not affect the area 
distribution because hydrostatic loadings are solely a function of 
the geometry and are independent of the stress limitations. 

Therefore, regardless of whether the hull cross section is 
initially too large or too small, the direction of refinement is to 
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converge upon a unique set of plate thickensses. The magnitudes of 
the unique set determine a primary stress "by Eq. (50). When substituted 
into Eq. (l), the resulting tertiary stress is equal to the allowed 
tertiaiy stress and the unique solution under normal load requirements 

is reached. 

Table 2 demonstrates the convergence of two widely different 

initial thickness selections. The selection of the weighting function 

determines the rate of convergence. The weighting function can be 

viewed as a means of slowing down the convergence so that oscillation 

does not occur. Should plate thicknesses that are initially too large 

be immediately decreased to the value required by the current stress 

schedule , the resulting hull cross section will cause a large bending 

stress. The problem of a negative tertiary stress arises if this new 

cross section is so small that the primary stress becomes greater than 
S 

y 

-, ;- . The use of a weighting function avoids this problem of oscilla- 
tion by modifying the current thicknesses only a small amount in 
favor of the new ones . 

Table 2 is a typical iteration for achieving plate scantlings 
required under local lateral loading. The hull girder investigated is 
a 550 foot "Mariner" type vessel with three decks, an inner bottom, and 
longitudinal framing of the top deck and the double bottom. The Table 
only shows results for plates on the shell from the keel up to the main 
deck. The "Primary Stress" is that bending stress resulting from the 
cross section defined by the thicknesses under the column titled, 
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"Old Plate". The plate thicknesses required "by the current tertiary- 
stress are under the "Req'd Plate" column. The "Weighting Function" 
is defined by Eq. (48) which averages the old and required plates to 
a "Refined Plate" which "becomes the "Old Plate" of the next subcycle. 
For the first iteration, the initial thicknesses are under the column 
titled, "Old Plate" , and cause the primary stresses shown in 
Subcycle No. 1. 

For Trial A, an initial distribution was selected which 
yields a small cross section, with most of the deficient plate 
thicknesses occurring at the top of the shell. The task of the 
refinement is to increase the thicknesses of the top plates while 
decreasing those of the bottom plates. The thicknesses required by 
the top plates (0.4oV) are taken from the ABS Rules so that the 
value of the weighting function is not demonstrated in this location. 
Since stress is related to the square of the thicknesses, the stress 
variation is very sensitive to thickness changes in regions of high 
stress, while less sensitive in lower stress regions. Therefore, 
in the general case, the decision was made to retard the rate of 
convergence in these high stress areas . 

As the refinement is followed through Trial A, the 
orientation of the thicknesses is rotated to conform to the required 
plate thickness distribution under normal loading with each plate 
thickness varied toward that required by the lateral loads. A study 
of the stress schedule will show a decrease in top stress and an 
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INITIAL THICKNESS SELECTION 



NO, PLATE THICKNESS 



1 


,800 


2 


o 800 


3 


.800 


U 


,800 


5 


.800 


6 


.799 


7 


.778 


8 


.736 


9 


.685 


10 


.633 


11 


.581 


12 


.530 


13 


.U78 


1U 


.426 


15 


.37U 


16 


.323 


17 


.267 


18 


.212 



TRIAL A 
TABLE NO 
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HISTORY OF THICKNESS REFINEMENT 
CYCLE NO. 1 SUB-CYCLE NO. 1 



NO. 


REFINED 


WEIGHTING 


OLD 


REQ'D 


PRIMARY 




PLATE 


FUNCTION 


PLATE 


PLATE 


STRESS 


1 


.746 


3.000 


.800 


.585 


5990.96 


2 


.700 


3.000 


.800 


.398 


5990.96 


3 


.704 


3.000 


.800 


.417 


5990.96 


4 


.709 


3.000 


.800 


.435 


5990.96 


5 


.713 


3.000 


.800 


.453 


5990.96 


6 


.716 


3.005 


.799 


.469 


5946.81 


7 


.703 


3.111 


.778 


.469 


5012.33 


8 


.673 


3.326 


.736 


.463 


3119.94 


9 


.684 


3.587 


.685 


.682 


817.75 


10 


.634 


3.851 


.633 


.639 


1509.47 


11 


.584 


4.115 


.581 


.592 


3836.70 


12 


.532 


4.379 


.530 


.540 


6163.93 


13 


.479 


4.643 


.478 


.481 


8491.15 


14 


.424 


4.907 


.426 


.411 


10818.38 


15 


.379 


5.171 


.374 


.404 


13145.61 


16 


.335 


5.435 


.323 


.404 


15472.83 


17 


.288 


5.718 


.267 


.404 


17960.52 


18 


.240 


6.000 

• - TRIAL A 
TABLE NO. 2 


.212 
(CONT.) 


.404 


20448.20 
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HISTORY OF THICKNESS REFINEMENT 
CYCLE NO. 1 SUB-CYCLE NO. 2 



NOo 


REFINED 


WEIGHTING 


OLD 


REQ'D 


PRIMARY 




PLATE 


FUNCTION 


PLATE 


PLATE 


STRESS 


1 


.707 


3.000 


,7U6 


.588 


6260.66 


2 


.625 


3.000 


.700 


.1+01 


6260.66 


3 


.633 


3.000 


,701+ 


o U20 


6260.66 


l+ 


.61+1 


3.000 


.709 


l+38 


6260.66 


5 


.6^9 


3.000 


.713 


,U55 


6260.66 


6 


.655 


3.005 


,716 


.1+71 


6219.53 


7 


.61+7 


3.111 


.703 


.U71 


531+9.01 


8 


.625 


3.326 


.673 


.U66 


3586.16 


9 


.679 


3o587 


68U 


,661 


11+ 1+1.55 


10 


.631 


3.851 


63U 


,620 


726.38 


11 


.582 


1+.115 


.581+ 


.575 


289U .31 


12 


.530 


l+ 379 


.532 


.525 


5062.21+ 


13 


.1+77 


l+ 6i+3 


l+79 


.U68 


7230.17 


Ik 


.1+20 


1+.907 


.1+21+ 


.l+OU 


9398.10 


15 


.383 


5, 171 


,379 


.1+01+ 


11566.03 


16 


„3U6 


5.1+35 


,335 


.1+01+ 


13733.96 


17 


.305 


5.718 


.288 


.1+01+ 


16051.36 


18 


,263 


6,000 

TRIAL A 
TABLE NO. 2 


.2U0 
(CONT.) 


,1+01+ 


18368.77 
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HISTORY OF THICKNESS REFINEMENT 
CYCLE N0 o 1 SUB-CYCLE NO. 5 



NO. 


REFINED 


WEIGHTING 


OLD 


REQ°D 


PRIMARY 




PLATE 


FUNCT30N 


PLATE 


PLATE 


STRESS 


1 


.678 


3o000 


.707 


.591 


61*55.68 


2 


.569 


3.000 


.625 


.1*02 


6455.68 


3 


.580 


3o000 


.633 


.422 


61*55.68 


k 


.591 


3.000 


.61*1 


.1*1*0 


61*55.68 


5 


.601 


3o000 


.61*9 


.457 


61*55.68 


6 


.610 


3.005 


.655 


.1*73 


61*12.81 


7 


.604 


3olll 


.647 


.1*73 


5505,30 


8 


.589 


3o326 


.625 


.467 


3667.53 


9 


.677 


3.587 


.679 


.668 


11*31.80 


10 


.630 


3.851 


.631 


.626 


828.25 


11 


.582 


U. 115 


.582 


.581 


3088.30 


12 


.530 


if 379 


.530 


.530 


531*8.35 


13 


l*76 


koSk3 


l*77 


472 


7608.1*0 


Ik 


.U18 


** o 907 


.U20 


.1*01* 


9868.1*5 


15 


.387 


5ol71 


.383 


.404 


12128.51 


16 


.355 


5.1*35 


.346 


O 404 


11*388.56 


17 


.320 


5.718 


.305 


.1*01* 


16801*. 1*3 


18 


.283 


6 JOOO 


.263 


.1*0** 


19220.31 
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HISTORY OF THICKNESS REFINEMENT 
CYCLE NO, 1 SUB-CYCLE NO. 4 



NO. 


REFINED 


WEIGHTING 


OLD 


REQ'D 


PRIMARY 




PLATE 


FUNCTION 


PLATE 


PLATE 


STRESS 


1 


6 56 


3,000 


.678 


o591 


6489.78 


2 


.528 


3o000 


.569 


.403 


6489.78 


3 


.5*1 


3.000 


.580 


.422 


6489.78 


4 


553 


3.000 


.591 


.440 


6489.78 


5 


565 


3o000 


.601 


.458 


6489.78 


6 


576 


3.005 


.610 


474 


6447,99 


7 


.573 


3.111 


.604 


.474 


5563.59 


8 


561 


3.326 


.589 


.468 


3772.63 


9 


.674 


3.587 


.677 


.662 


1593.82 


10 


.628 


3„851 


.630 


.620 


608.69 


11 


O 580 


^ o 115 


.582 


.575 


2811.19 


12 


.529 


4.379 


.530 


.525 


5013.69 


13 


.475 


4.643 


.476 


.468 


7216.20 


14 


.415 


4.907 


„418 


.404 


9418.70 


15 


.390 


5.171 


.387 


.404 


11621.20 


16 


.363 


5.435 


.355 


.404 


13823.71 


17 


332 


5 718 


.320 


.404 


16178.07 


18 


.301 


6 JOQQ 


.283 


.404 


18532.43 
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HISTORY OF THICKNESS REFINEMENT 
CYCLE NO. 1 SUB-CYCLE NO. 5 



NO. 



1 

2 

3 

i* 

5 

6 

7 

8 

9 

10 

11 

12 

13 

Ik 

15 

16 

17 

18 



REFINED 


WEIGHTING 


OLD 


PLATE 


FUNCTION 


PLATE 


.61*0 


3.000 


.656 


.497 


3o000 


o 528 


.511 


3o000 


.51+1 


.525 


3.000 


.553 


.539 


3.000 


.565 


.551 


3.005 


.576 


.51*9 


3.111 


.573 


.51*0 


3.326 


.561 


.671 


3.587 


.671+ 


.627 


3.851 


.628 


.579 


I*. 115 


.580 


.529 


I*. 379 


.529 


.U73 


4.643 


.1+75 


.414 


4.907 


.U15 


.392 


5.171 


.390 


.369 


5.435 


.36 3 


.3U3 


5o718 


.332 


.315 


6.000 

TRIAL A 


.301 




TABLE NO. 2 


(CONTo 



REQ'D 


PRIMARY 


PLATE 


STRESS 


.592 


6575.11* 


.1*03 


6575.11+ 


.1*23 


6575.11+ 


.1+1+1 


6575.11+ 


.1+59 


6575.11+ 


.1+75 


6533.01+ 


.1+75 


561+1.92 


.1+69 


3837.34 


.662 


161+1.98 


.621 


577.25 


.576 


2796.1+8 


.525 


5015.72 


.1+68 


7231*. 95 


O 404 


9454.19 


O 404 


11673.1+2 


.1+01+ 


13892.66 


.i+OU 


16264.90 


.1+01+ 


18637.15 
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HISTORY OF THICKNESS REFINEMENT 
CYCLE NO. 1 SUB-CYCLE NO . 6 



NO, 


REFINED 


WEIGHTING 


OLD 


REQ'D 


PRIMARY 




PLATE 


FUNCTION 


PLATE 


PLATE 


STRESS 


1 


628 


3.000 


.61*0 


,593 


6607.11* 


2 


.1*73 


3.000 


.497 


.1*01+ 


6607.11* 


3 


.1*89 


3.000 


.511 


,1*23 


6607,11* 


U 


.501* 


3,000 


.525 


,1*1*1 


6607. 1U 


5 


o519 


3o000 


.539 


,U59 


6607.11* 


6 


,532 


3.005 


.551 


.U75 


6565.37 


7 


.531 


3.111 


.549 


.U75 


5681.21* 


8 


.523 


5,326 


.51*0 


.1*69 


3890.83 


9 


.669 


3o587 


.671 


,660 


1712.70 


10 


625 


3.851 


.627 


.619 


l*89oll 


11 


.578 


l*.115 


.579 


.571* 


2690,93 


12 


528 


I*. 379 


,529 


.521* 


1*892,75 


13 


.1*72 


!*.6U3 


.1*73 


.1*67 


7091*. 56 


lit 


^12 


U 6 907 


,l*ll* 


.UOI* 


9296,38 


15 


.391* 


5.171 


,392 


.1*01* 


111*98,20 


16 


,375 


5,1*35 


.369 


.1*01* 


13700,02 


17 


,352 


5.718 


.31*3 


.1*01* 


16053.65 


18 


.328 


6.000 


.315 


.1*01* 


181*07,27 
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HISTORY OF THICKNESS REFINEMENT 
CYCLE N0 o 1 SUB-CYCLE NO . 7 



NOo 


REFINED 


WEIGHTING 


OLD 


REQ'D 


PRIMARY 




PLATE 


FUNCTION 


PLATE 


PLATE 


STRESS 


1 


.619 


3.000 


628 


o593 


6641.88 


2 


.456 


3o000 


.473 


.404 


6641.88 


3 


.473 


3 o 000 


.489 


.423 


6641.88 


k 


.489 


3.000 


.504 


.442 


6641.88 


5 


.504 


3 o 000 


519 


.459 


6641.88 


6 


518 


3o005 


o532 


.475 


6600. 14 


7 


517 


3olll 


531 


.475 


5716.56 


8 


511 


3o326 


o523 


.4 70 


3927.27 


9 


667 


3o587 


669 


06 59 


1750o50 


10 


,624 


3o851 


625 


.618 


449.94 


11 


o577 


4.115 


578 


.573 


2650 /38 


12 


527 


4.379 


528 


.523 


4850.82 


13 


.471 


4.643 


.472 


.467 


7051.26 


Ik 


.411 


4.907 


.412 


.404 


9251.70 


15 


396 


5 171 


.394 


O 404 


11452.14 


16 


379 


5.435 


,375 


.404 


13652.58 


17 


.360 


5o718 


352 


.404 


16004.73 


18 


o339 


60OOO 


328 


.404 


18356.89 
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HISTORY OF THICKNESS REFINEMENT 
CYCLE NOo 1 SUB-CYCLE NO. 8 



NO. 


REFINED 


WEIGHTING OLD 


REQ'D 


PRIMARY 




PLATE 


FUNCTION PLATE 


PLATE 


STRESS 


1 


.613 


3.000 „619 


.594 


6678.34 


2 


.443 


3.000 .456 


O 404 


6678.34 


3 


.460 


3.000 ,473 


.424 


6678.34 


4 


.477 


3 o 000 .489 


.442 


6678.34 


5 


.1*93 


3.000 .504 


.460 


6678.34 


6 


.507 


3.005 .518 


.4 76 


6636 o 70 


7 


.507 


3.111 .517 


.476 


5755.25 


8 


.501 


3.326 .511 


.470 


3970 o 26 


9 


.665 


3.587 .667 


.658 


1798.73 


10 


.622 


3.851 .624 


.617 


396.42 


11 


.576 


4.115 .577 


.572 


2591.57 


12 


.526 


4,379 .527 


.523 


4786.72 


13 


.470 


4.643 .471 


.466 


6981.87 


11* 


.1*10 


4.907 .411 


.404 


9177.02 


15 


.397 


5.171 .396 


.404 


11372.17 


16 


.383 


5.435 .379 


.404 


13567.32 


17 


.367 


5.718 .360 


.404 


15913.82 


18 


.348 


6.000 .339 

TRIAL A 
TABLE NO. 2 (CONT.) 


.404 


18260.33 
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HISTORY OF THICKNESS REFINEMENT 
CYCLE NO. 1 SUB-CYCLE NO. 9 



NO. 


REFINED 


WEIGHTING 


OLD 


REQ'D 


PRIMARY 




PLATE 


FUNCTION 


PLATE 


PLATE 


STRESS 


1 


.608 


3.000 


.613 


.591* 


671l*oll 


2 


U3U 


3.000 


.Ui*3 


.1*05 


6711*. 11 


3 


.1*51 


3.000 


.»*60 


.1*21* 


6711*. 11 


k 


.1*68 


3.000 


.1*77 


.1*1*2 


6711*. 11 


5 


.1*85 


3.000 


.1*93 


.1*60 


671l*.ll 


6 


.1*99 


3.005 


.507 


.1*76 


6672.50 


7 


.500 


3.111 


.507 


.1*76 


5791.76 


8 


.1*91* 


3.326 


.501 


.1*70 


1*008.21 


9 


.663 


3.587 


.665 


.658 


1838.1*2 


10 


.621 


3.851 


.622 


.617 


351*. 96 


11 


.575 


i*. 115 


.576 


.572 


251*8.35 


12 


.525 


U.379 


.526 


522 


i*71*lo73 


13 


.1*70 


U.6U3 


.1*70 


.1*66 


6935.11 


1U 


.U09 


I*. 907 


.1*10 


.1*01* 


9128.50 


15 


.398 


5.171 


.39 7 


.1*01* 


11321.88 


16 


.386 


5.U35 


.383 


e l*0l* 


13515.27 


17 


.372 


5.718 


.36 7 


.1*01* 


15859 88 


18 


.356 


6.000 


.31*8 


.1*01* 


18201*. 50 
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HISTORY OF THICKNESS REFINEMENT 
CYCLE NO, 1 SUB-CYCLE NO. 10 



NO, 


REFINED 


WEIGHTING 


OLD 


REQ'D 


PRIMARY 




PLATE 


FUNCTION 


PLATE 


PLATE 


STRESS 


1 


O 605 


3,000 


.608 


.591+ 


671+1.05 


2 


.1+26 


3,000 


.1+3U 


.1+05 


671+1.05 


3 


.1+1+5 


3.000 


.1+51 


.1+21+ 


671+1.05 


1+ 


.1+62 


3.000 


.1+68 


.1+1+3 


671+1.05 


5 


.1+79 


3,000 


.1+85 


.1+60 


671+1.05 


6 


.1+91+ 


3.005 


.U99 


.1+76 


669 #.i+8 


7 


.1+91+ 


3.111 


.500 


.1+76 


5819.78 


8 


.1+89 


3.326 


.1+94 


.1+71 


t+038.33 


9 


o662 


3.587 


.663 


.657 


1871.09 


10 


O 620 


3.851 


.621 


.616 


319.71 


11 


o575 


4.115 


.575 


.571 


2510.52 


12 


o 525 


4.379 


.525 


.522 


1+701,32 


13 


.1+69 


1+.6U3 


.1+70 


.1+65 


6892,12 


Ik 


.1+08 


l+,907 


.1+09 


.1+01+ 


9082.93 


15 


e 399 


5.171 


.398 


.1+01+ 


11273.73 


16 


o389 


5,1+35 


.386 


.I+OU 


13I+6I+.5I+ 


17 


.377 


5.718 


.372 


okOk 


15806.39 


18 


o36 3 


6.000 


.356 


.I+OU 


1811+8.25 
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increase in the "bottom stress,, but little change in the neutral axis 
region. Therefore if any plate, say the keel plate, is too thick, the 
primary stress acting on it is small, the resulting allowable tertiary 
stress is liberal, and the plate is made thinner. As the keel plate 
becomes thinner, the allowable tertiary stress becomes less liberal, 
and the required thicknesses slowly increase. This is exactly what 
happens in Trial A of Table 2. 

The distribution of thicknesses of Trial B is very different 
from that of Trial A. The plate thicknesses increase up the side 
shell, and the total cross sectional area is excessive. However, the 
refinement changes the thicknesses to meet a required distribution 
very similar to that of Trial A. Thicknesses at the bottom must be 
increased while those at the top must be decreased. Again the stress 
distribution changes, but the neutral axis variation is small, and the 
scantlings vary according to the theory discussed above. For the 
keel plate, the variation is in the direction of increasing thickness. 
But the thicknesses of the top plates are being decreased at a faster 
rate than the bottom plates are being increased, hence the total 
cross sectional area becomes less. Since the neutral axis variation 
is small, the overall stress distribution increases which also 
increases the required thicknesses. At the bottom, the keel plate 
thickness is being increased, but the required thickness also becomes 
greater which seems to prevent convergence. However, the increase in 
plate thickness is far mere rapid than the rate of required thickness 
increase. Comparison of the trend of Trial A with that of Trial B 
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INITIAL THICKNESS SELECTION 



CKNESS 



NO, 


PLATE TH 


1 




oWO 


2 




e l*00 


3 




o400 


k 




.1*00 


5 




,1*00 


6 




.1*01 


7 




.1*22 


8 




,l*6l* 


9 




,515 


10 




567 


11 




.619 


12 




o670 


13 




.722 


Ik 




.77U 


15 




,826 


16 




,877 


17 




.933 


18 




.988 




TRIAL E 




TABLE 


NO. 2 



78 



HISTORY OF THICKNESS REFINEMENT 
CYCLE NO. 1 SUB-CYCLE NO. 1 



NO. 


REFINED 


WEIGHTING 


OLO 


REQ'D 


PRIMARY 




PLATE 


FUNCTION 


PLATE 


PLATE 


STRESS 


1 


.440 


3.500 


.400 


.579 


5509.39 


2 


.399 


3.500 


.400 


.391* 


5509.39 


3 


.1*03 


3.500 


.1*00 


.1+13 


5509.39 


k 


.U07 


3.500 


.UOO 


.1+31 


5509.39 


5 


.Ull 


3.500 


.400 


.1*1*8 


5509.39 


6 


.1*15 


3.500 


.1*01 


.1*61* 


51+86,33 


7 


.1*31 


3.500 


.1*22 


.1+61* 


1+998.05 


8 


.464 


3.500 


.1*6 4 


.1*62 


1+009.27 


9 


.532 


3.500 


.515 


.589 


2806.36 


10 


.561* 


3.500 


.567 


.553 


1590.37 


11 


.595 


3.500 


.619 


.511* 


374.38 


12 


.626 


3.500 


.670 


.1*71 


841.61 


13 


.655 


3.500 


.722 


.U21 


2057.60 


14 


.692 


3.500 


.771* 


.1+01+ 


3273.59 


15 


.732 


3.500 


.826 


.1+01+ 


1*1*89,58 


16 


.772 


3.500 


.877 


.1+01* 


5705.57 


17 


.815 


3.500 


.933 


.1*01* 


7005,1*0 


18 


.858 


3.500 

TRIAL B 
TABLE NO. 2 


.988 
(CONT.) 


.1+01+ 


8305.23 
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HISTORY OF THICKNESS REFINEMENT 
CYCLE NO, 1 SUB-CYCLE NO. 2 



NO. 


REFINED 


WEIGHTING 


OLD 


REQ'D 


PRIMARY 




PLATE 


FUNCTION 


PLATE 


PLATE 


STRESS 


1 


.1*72 


3.500 


.1*1*0 


.581* 


591*9.91 


2 


.399 


3.500 


399 


.398 


59U9.91 


3 


.1*06 


3.500 


.1*03 


.1*17 


591*9.91 


k 


.1*13 


3.500 


.1*07 


.1*35 


591*9.91 


5 


.1*20 


3o500 


.Ull 


.1*52 


591*9.91 


6 


.1*27 


3.500 


.1*15 


,1*68 


5923,31* 


7 


.1*39 


3,500 


.1*31 


.1*68 


5360.86 


8 


.1*61* 


3.500 


.1*61* 


t*66 


1*221.80 


9 


.5U6 


3.500 


.532 


.598 


2836.07 


10 


.563 


3.500 


.56U 


.562 


11*35,27 


11 


,579 


3.500 


.595 


,522 


3U, 1*7 


12 


.593 


3.500 


.626 


.1*77 


1366,33 


13 


.601* 


3.500 


.655 


.1*27 


2767.12 


Ik 


.628 


3o500 


o692 


okQk 


1*167,92 


15 


.659 


3.500 


.732 


.1*01* 


5568.72 


16 


.690 


3.500 


,772 


.UOI* 


6969.52 


17 


.721* 


3.500 


.815 


,i*0i* 


81*66.90 


18 


.757 


3.500 


.858 


.1*01* 


9961*. 28 
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HISTORY OF THICKNESS REFINEMENT 
CYCLE NO. 1 SUB-CYCLE NO. 3 



NO. 


REFINED 


WEIGHTING 


OLD 


REQ'D 


PRIMARY 


. 


PLATE 


FUNCTION 


PLATE 


PLATE 


STRESS 


1 


.1*37 


3o500 


.472 


.585 


5981*. 73 


2 


.398 


3.500 


.399 


.398 


5984 o 73 


3 


.1*08 


3.500 


.1*06 


.1*17 


5984.73 


4 


.1*18 


3.500 


.1*13 


.1*35 


5984.73 


5 


.U27 


3.500 


.t*20 


.U53 


5984.73 


6 


.^36 


3.500 


.1*27 


.1*69 


5956.20 


7 


.1*1*6 


3.500 


.1*39 


.1*69 


5352.26 


8 


.1*65 


3.500 


.1*61* 


.1*66 


4129.24 


9 


.560 


3.500 


.51*6 


.606 


2641.37 


10 


.561* 


3.500 


.563 


.568 


1137.32 


11 


.568 


3.500 


.579 


.528 


366.73 


12 


.568 


3.500 


.593 


.1*83 


1870.78 


13 


.566 


3.500 


.601* 


,1*32 


3374.83 


14 


.578 


3.500 


.628 


.1*01* 


4878,89 


15 


.602 


3.500 


.659 


.1*01* 


6382.94 


16 


.627 


3.500 


.690 


.i*0U 


7886.99 


17 


.653 


3.500 


.721* 


.1*04 


9494.74 


18 


.679 


3.500 

TRIAL B 
TABLE MO. 2 


.757 
(CONT.) 


.1*01* 


11102.49 
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HISTORY OF THICKNESS REFINEMENT 
CYCLE NO. 1 SUB-CYCLE NO, 4 



NO, 


REFINED 


WEIGHTING 


OLD 


REQ'D 


PRIMARY 




PLATE 


FUNCTION 


PLATE 


PLATE 


STRESS 


1 


,517 


3.500 


.497 


.586 


6055.45 


2 


.399 


3o500 


.398 


.399 


6055.45 


3 


.Ml 


3.500 


.408 


.418 


6055.45 


4 


.422 


3 o 500 


.418 


,436 


6055.45 


5 


„433 


3.500 


427 


.453 


6055 o 45 


6 


.443 


3o500 


.436 


.469 


6024.96 


7 


.451 


3.500 


.446 


.469 


5579.57 


8 


.1*65 


3.500 


.465 


.466 


4072.63 


9 


.571 


3o500 


.560 


.613 


2482.66 


10 


.567 


3.500 


.564 


.575 


875.40 


11 


.560 


3.500 


56 8 


.534 


731.86 


12 


,551 


3.500 


568 


.488 


2339.12 


13 


.537 


3.500 


566 


.436 


3946.38 


14 


.540 


3.500 


578 


O 404 


5553.64 


15 


.558 


3.500 


.602 


.404 


7160.90 


16 


.577 


3.500 


.627 


.404 


8768.16 


17 


.598 


3o500 


.653 


.404 


10486.24 


18 


.618 


3.500 

TRIAL B 
TABLE NO. 2 


.679 
(CONT.) 


.404 


12204.32 
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HISTORY OF THICKNESS REFINEMENT 
CYCLE NO. 1 SUB-CYCLE NO. 5 



NO. 



1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 



REFINED 


WEIGHTING 


OLO 


PLATE 


FUNCTION 


PLATE 


.532 


3.500 


.517 


.399 


3.500 


.399 


.412 


3.500 


.411 


.U25 


3o500 


.422 


.438 


3.500 


.433 


.449 


3.500 


.443 


.455 


3.500 


.451 


.465 


3.500 


.465 


.582 


3.500 


.571 


.570 


3.500 


.567 


.556 


3.500 


.560 


.538 


3.500 


.551 


.516 


3.500 


.537 


.509 


3.500 


.540 


.524 


3.500 


.558 


.539 


3.500 


.577 


.555 


3.500 


.598 


.570 


3.500 

TRIAL B 


.618 




TABLE NO. 2 


(CONT.) 



REQ'D 


PRIMARY 


PLATE 


STRESS 


.586 


6112.81 


.399 


6112.81 


.418 


6112.81 


.437 


6112.81 


.454 


6112.81 


.470 


6080.57 


.470 


5398.14 


.466 


4016.18 


.620 


2334.94 


.581 


635.42 


.540 


1064.10 


.493 


2763.62 


.441 


4463.14 


.404 


6162.66 


.404 


7862.18 


.404 


9561.69 


.404 


11378.39 


.404 


13195.09 



83 



HISTORY OF THICKNESS REFINEMENT 
CYCLE N0 o 1 SUB-CYCLE N0 o 6 



N0 o 


REFINED 


WEIGHTING 


OLD 


REQ'D 


PRIMARY 




PLATE 


FUNCTION 


PLATE 


PLATE 


STRESS 


1 


.51*1* 


3.500 


.532 


.587 


6177.05 


2 


399 


3.500 


.399 


.1*00 


6177.05 


3 


.1*11* 


3.500 


.U12 


.1*19 


6177.05 


i* 


.1*28 


3.500 


U25 


.1*37 


6177.05 


5 


.1*1*1 


3.500 


.1*38 


.1*55 


6177.05 


6 


.I*5U 


3.500 


oUU9 


.1*71 


611*3.08 


7 


.1*59 


3.500 


.1*55 


.1*71 


51*21*. 13 


8 


.1*66 


3.500 


.1*65 


.1*67 


3968.22 


9 


.592 


3.500 


.582 


.627 


2197.03 


10 


.57U 


3.500 


.570 


.588 


1*06.58 


11 


.553 


3.500 


.556 


.5U5 


1383.88 


12 


.529 


3.500 


.538 


.1*99 


3174.33 


13 


.500 


3.500 


.516 


.»* 1*5 


l*96l*.78 


Ik 


.486 


3.500 


.509 


.1*01* 


6755.21* 


15 


.498 


3.500 


.52U 


.1*01* 


851*5.69 


16 


.509 


3.500 


.539 


.UOI* 


10336.15 


17 


.521 


3.500 


.555 


.1*01* 


12250.05 


18 


.53U 


3.500 


.570 


.UOI* 


11*163.95 



TRIAL B 
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HISTORY OF THICKNESS REFINEMENT 
CYCLE NO. 1 SUB-CYCLE NO. 7 



NO. 


REFINED 


WEIGHTING 


OLD 


REQ'D 


PRIMARY 




PLATE 


FUNCTION 


PLATE 


PLATE 


STRESS 


1 


,55** 


3o500 


.51*1* 


.589 


6291.93 


2 


399 


3.500 


.399 


.1*01 


6291.93 


3 


.415 


3.500 


.1*11* 


.420 


6291.93 


4 


.430 


3.500 


.1*28 


.438 


6291.93 


5 


,Ui*5 


3.500 


„441 


.456 


6291.93 


6 


.458 


3.500 


.1*51* 


.472 


6256.33 


7 


.1*62 


3.500 


.1*59 


.472 


5502.86 


8 


.466 


3.500 


.1*66 


.467 


3977.05 


9 


.601 


3.500 


.592 


.633 


2120.82 


10 


578 


3.500 


.571* 


.593 


244.40 


11 


.553 


3.500 


.553 


.551 


1632.02 


12 


523 


3.500 


.529 


,50 3 


3508.44 


13 


.489 


3.500 


.500 


.449 


5384.86 


11* 


.468 


3.500 


.486 


.404 


7261.28 


15 


,477 


3.500 


.U98 


.404 


9137.70 


16 


.1*86 


3.500 


.509 


.404 


11014.12 


17 


.495 


3.500 


.521 


.404 


13019.92 


18 


O 505 


3.500 


„53i* 


.404 


15025.72 
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HISTORY OF THICKNESS REFINEMENT 
CYCLE NOo 1 SUB-CYCLE NO. 8 



NO. 


REFINED 


WEIGHTING 


OLD 


REQ'D 


PRIMARY 




PLATE 


FUNCTION 


PLATE 


PLATE 


STRESS 


1 


.562 


3.500 


.551* 


.590 


61+20.62 


2 


.1*00 


3.500 


.399 


.1*02 


61*20.62 


3 


.1*17 


3.500 


.2*15 


.1*21 


61*20.62 


k 


S U32 


3.500 


.1*30 


.1*39 


61+20.62 


5 


.1*1*7 


3.500 


.1*1*5 


.1*57 


61*20.62 


6 


,1*61 


3.500 


.1*58 


.1*73 


6383.63 


7 


..1*61* 


3.500 


.1*62 


.1*73 


5600.73 


8 


.1*67 


3.500 


,1*66 


.1*68 


1*015.31 


9 


.609 


3.500 


.601 


.638 


2086.55 


10 


.583 


3.500 


.578 


.598 


136.83 


11 


.553 


3.500 


.553 


.555 


1812.90 


12 


.520 


3.500 


.523 


.507 


3762.63 


13 


.1*81 


3.500 


.1*89 


.1*53 


5712.36 


11* 


,1*51* 


3.500 


.1*68 


.1*01* 


7662.09 


15 


.1*61 


3.500 


.1*77 


.1*01* 


9611.81 


16 


.1*68 


3.500 


.1*86 


.1*01* 


11561.51* 


17 


.1*75 


3.500 


.1*95 


.1*01* 


1361*5.70 


18 


.1*82 


3.500 


.505 


.i*0U 


15729.86 
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shows that both are converging toward the same thickness distribution. 
In particulai , both trials seem to be converging upon a keel plate 
thickness of about 0.595 inches. 

The iteration has been terminated short of the final required 
scantlings because of the large number of iterations necessary. The 
trend is obvious in both cases and further iterations would not cause 
convergence within a reasonable time limit because of the retardation 
caused by the weighting functions. A slight modification to Eq. (55) 
would result in a more rapid convergence. 

Rather than modify the existing weighting function valves for 
a more rapid convergence, a more reasonable initial thickness selection 
can be chosen than that used in Trial A or B. In the present synthesis, 
the initial thicknesses are selected so as to reduce the computation 
time to a minimum and yet attain convergence. Except for small ships, 
the limiting primary stress requirement prevails and longitudinal 
strength members are designed to satisfy this restriction. Therefore, 
by assuming a bending stress distribution equal to the limiting primary 
stress at the top fibers of the hull girder, and assuming a neutral 
axis location at .k x depth above the keel, the initial plate thick- 
nesses for rapid convergence may be chosen as those required under 
the resulting allowable tertiary stress . The longitudinal stif fener 
scantlings are calculated according to the allowed secondary bending 
stress resulting from the initial primary stress distribution. These 
thicknesses in no way prejudice the results since any other 
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stress distribution may be selected. However, the number of iterations 
is considerably reduced because the orientation of the thicknesses is 
now defined and only the correct magnitudes need to be determined. 

Trial C of Table 2 demonstrates the savings in computation 
time when the initial limiting stress distribution method is assumed. 
The initial thicknesses are already properly selected and some plates 
even match the required thicknesses. After four iterations, the 
thicknesses are within 0.026 inches of the required values for all 
plates. The required values in Trial C are found to be nearly the 
same as those in Trials A and B. 

As mentioned earlier in this discussion, the strong possibility 
exists that when examining large shallow ships, a negative tertiary 
stress may result in the refinement iteration. The weighting function 
insures that this will not be a random occurrence, but will arise only 
if the thicknesses required under lateral loads are so small that as 
the plates are refined, the total hull cross section fails to provide 
an adequate section modulus to resist the bending stress. To prevent 
a breakdown of the solution, the refinement process must be terminated. 
A running check is kept of each stress schedule as the refinement 
progresses . If any primary stress exceeds a safe margin, the refine- 
ment is stopped and the process moves to linear extrapolation. Halting 
the refinement when the primary stress became greater than ^71.35 was 
found to be a sufficient factor of safety for the program operation. 
However, termination of the refinement prematurely results in a ship 
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INITIAL THICKNESS SELECTION 



NO. PLATE THICKNESS 



1 


.676 


2 


.461 


3 


M3 


h 


.50k 


5 


•524 


6 


• 5^2 


7 


.5^2 


8 


•530 


9 


' =557 


10 


.524 


11 


.k&l 


12 


.kkj 


13 


.kok 


14 


.kok 


15 


.kok 


16 


.kok 


17 


.kok 


18 


.kok 




TRIAL C 
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HISTORY OF THICKNESS REFINEMENT 
CYCLE NO. 1 SUB-CYCLE NO . 1 



NO, 


REFINED 


WEIGHTING 


OLD 


REQ'D 


PRIMARY 




PLATE 


FUNCTION 


PLATE 


PLATE 


STRESS 


1 


.65*+ 


3,000 


,676 


.587 


6179.31+ 


2 


AkS 


3.000 


,1+61 


.1+00 


6179.31+ 


3 


e t*67 


3.000 


,1+83 


.1+19 


6179,31+ 


k 


.1+87 


3.000 


.501+ 


,1+37 


6179.3U 


5 


.506 


3.000 


,521+ 


,1+55 


6179.34 


6 


.521+ 


3.005 


,51+2 


,1+70 


6138.66 


7 


.521+ 


3.111 


,51+2 


,1+70 


5277,63 


8 


.515 


3,326 


,530 


,1+65 


3534.00 


9 


.580 


3,587 


,557 


,660 


11+12,77 


10 


.5U3 


3,851 


.521+ 


,618 


731.53 


11 


.50U 


l+o 115 


,1+87 


,573 


2875,83 


12 


.1+61 


t+o 379 


e i+l+7 


,521+ 


5020,13 


13 


.1+15 


I+.6I+3 


,1+01+ 


,1+67 


716I+.I+2 


14 


.1+01+ 


I+.907 


,1+01+ 


,1+01+ 


9308.72 


15 


.1+01+ 


5.171 


.1+01+ 


.1+01+ 


11453.02 


16 


.1+01+ 


5,1+35 


.1+01+ 


.1+01+ 


13597,32 


17 


.1+01+ 


5,718 


.1+01+ 


.1+01+ 


15889.1+6 


18 


.1+01+ 


6.000 


.1+01+ 


.1+01+ 


18181,61 
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HISTORY OF THICKNESS REFINEMENT 
CYCLE NO. 1 SUB-CYCLE MO. 2 



NO. 


REFINED 


WEIGHTING 


OLD 


REQ'D 


PRIMARY 




PLATE 


FUNCTION 


PLATE 


PLATE 


STRESS 


1 


.639 


3.000 


.651* 


.593 


6596.1*8 


2 


.l»35 


3.000 


.1*1*6 


.1*01* 


6596.1*8 


3 


.U56 


3.000 


.1*67 


.1*23 


6596.1*8 


k 


.1*76 


3.000 


.1*87 


.1*1*1 


6596.1*8 


5 


.1*95 


3.000 


.506 


.1*59 


6596.1*8 


6 


.512 


3.005 


.521* 


.1*75 


6555.67 


7 


.512 


3.111 


.521* 


.1*75 


5691.78 


8 


.501* 


3.326 


.515 


.1*69 


391*2.36 


9 


.596 


3.5P7 


.580 


,655 


1811*. 10 


10 


.558 


3.851 


.51*3 


.611* 


337.31 


11 


.517 


I*. 115 


.501* 


.569 


21*88.72 


12 


.U72 


I*. 379 


.1*61 


.520 


1*61*0.13 


13 


.U2U 


I*. 61*3 


.1*15 


.1*61* 


6791.51* 


Ik 


.UOU 


l*. 907 


.1*01* 


.1*01* 


891*2.95 


15 


.1*01* 


5.171 


.1*01* 


.1*01* 


11091*. 36 


16 


.1*01* 


5.1*35 


.1*01* 


.1*01* 


1321*5.77 


17 


.1*01* 


5.718 


.1*01* 


,1*01* 


1551*5.52 


18 


.1*01* 


6.000 


.1*01* 


.1*01* 


1781*5.26 
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HISTORY OF THICKNESS REFINEMENT 
CYCLE MO. 1 SUB-CYCLE NO. 3 



NO. 


REFINED 


WE 1 GHT 1 NG 


OLD 


REQ'D 


PRIMARY 




PLATE 


FUNCTION 


PLATE 


PLATE 


STRESS 


1 


.627 


3.000 


.639 


.593 


6621*. 00 


2 


.U27 


3.000 


.1*35 


.1*01* 


662l*.00 


3 


.1*1*8 


3.000 


.1*56 


.1*23 


6621*. 00 


k 


.1*67 


3.000 


.1*76 


.1*1*1 


6621*. 00 


5 


.1*86 


3.000 


.1*95 


J*59 


6621*. 00 


6 


.503 


3.005 


.512 


.1*75 


6582.95 


7 


.503 


3.111 


.512 


.1*75 


5711*. 23 


8 


.1*96 


3.326 


.501* 


,1*70 


3955.02 


9 


.609 


3.587 


.596 


.656 


1811*. 85 


10 


.570 


3.851 


.558 


.615 


31*8,60 


11 


.527 


U.115 


.517 


.570 


2512.05 


12 


.1*81 


U.379 


.U72 


.521 


1*675.50 


13 


.1*31 


l*. 61*3 


.1*21* 


.1*61* 


6838.95 


11* 


.UOI* 


I*. 907 


.1*01* 


.1*01* 


9002.1*0 


15 


.1*01* 


5.171 


.1*01* 


.UOI* 


11165.85 


16 


.1*01* 


5.U35 


.1*01* 


.1*01* 


13329.30 


17 


.kOk 


5.718 


.1*01* 


.1*01* 


1561*1.92 


18 


.kOk 


6.000 


.1*01* 


.1*01* 


17951*. 51* 
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HISTORY OF THICKNESS REFINEMENT 
CYCLE NO. 1 SUB-CYCLE NO 4 



NO. 


REFINED 


WEIGHTING 


OLD 


REQ'D 


PRIMARY 




PLATE 


FUNCTION 


PLATE 


PLATE 


STRESS 


1 


.619 


3.000 


.627 


.593 


6667.37 


2 


,422 


3.000 


.427 


.404 


6667.37 


3 


.442 


3.000 


.448 


.424 


6667,37 


4 


.461 


3.000 


.467 


.442 


6667.37 


5 


.479 


3.000 


.486 


,460 


6667.37 


6 


.496 


3.005 


.503 


.476 


6626.33 


7 


.497 


3.111 


.503 


.476 


5757. 66 


8 


.490 


3.326 


.496 


.470 


3998.57 


9 


.619 


3.587 


.609 


.655 


1858.53 


10 


.579 


3.851 


.570 


.614 


304.78 


11 


.536 


4.115 


.527 


.570 


2468.09 


12 


.488 


4.379 


.481 


.520 


4631.40 


13 


.437 


4.643 


.431 


.464 


6794.71 


14 


.404 


4.907 


.404 


.404 


8958.02 


15 


.404 


5.171 


.404 


.404 


11121.33 


16 


.404 


5.435 


.404 


.404 


13284.64 


17 


.404 


5.718 


.404 


.404 


15597.11 


18 


.404 


6.000 


.404 


.404 


17909.58 
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cross section which is too large to satisfy the least weight requirement 
under lateral loading; but too small to resist bending. The linear 
program will add material to the outer fibers of the hull in an attempt 
to satisfy the bending strength requirements . But as previously 
demonstrated,, when the deficiency in primary stress satisfaction is 
large , the increase of material by the linear program falls short of 
lowering the stress adequately. Therefore, another design cycle is 
required and further refinement under normal load is made. The problem 
of negative tertiary stresses is not likely to arise because the added 
material at the outer fibers lowers the primary stress enough to allow 
reduction of plate thicknesses near the neutral axis. But, if this 

reduction again causes the primary stresses to become greater than 

g 

y / , the refinement is again terminated and the process repeats 

'1.35 

itself until the material is distributed in the optimum manner. 

On small ships, the cross sectional area required under 
normal loads generally exceeds that necessary to resist primary bending, 
so that the above problem is not encountered. 

The preceding discussion attempts to show analytically that 
the initial thickness selection is independent of the final solution 
scantlings. Any attempts at a mathematical proof would be extremely 
difficult, if not impossible, because of the complicated nonlinear 
relationships involved. 
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CHAPTER VIII 
DISCUSSION OF STIFFENER SELECTION 

Table 2 of the ABS Rules lists the scantlings of longitudinals 

and beams as a function of N & L. For longitudinally framed cargo ships, 

only the bottom, inner bottom, and deck longitudinals are covered by 

the Rules. Equation (5*0 restated here: 

2 

Z ABS " 2^6 

where : 

Z = section modulus of the plate -s tiff ener 
combination 

N = F. . h. . C 
i i 

L = web spacing 

C = constant defined in Ref . (10) 
is used for the side longitudinals. This is also the formula used to 
determine the scantlings of longitudinals on bulk carriers which have 
an inner bottom and are longitudinally framed. 

The relationship between Eq. (5*0 and the values of Table 2 
have been investigated in order to justify use of this equation in the 
synthesis. Rather than confine the analysis to any specific stiff ener 
location, the hull section modulus from Table 2 is compared against 
Eq. (5*0 as a function of N and L. 

An associated plating thickness for the combined beam is 
assumed as being equal to the thickness of stiffener flanges. In order 
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to determine a required section modulus for a plate stiffener 
combination, some assumptions for effective plate breadth and plate 
thickness must be made. No plate is specified when determining the 
necessary stiffener in Table 2; only the water head and frame spacing. 
This analysis will assume an effective plate breadth of 60 times the 
thickness, and a thickness equal to the thickness of the stiffener 
flange. Therefore, a plate is specified for the study, and although 
no real logic can back up this assumption of thickness, some corres- 
pondence exists between the range of stiffener flange thicknesses 
which vary from 0.25" "to 0.5" , and the range of ABS plate thicknesses 
which vary from 0.27" "to l.lV. 

Ref. (l) concludes that ABS uses an effective breadth equal 
to 30 times the plate thickness. Although no plate is specified, the 
result of assuming 60 times the thickness of the flange will cover all 
the plate thickness ranges included under the Rules, and the total 
plate area will match the thickness range covered if the Rules do 
assume 30 times thickness of plate for effective breadth. The 
advantage of the plan described above is that,, for the purposes of 
stiffener analysis, a plate is defined to be proportional to stiffener 
size, which is the usual situation. A comparison of section modulus 
values from Table 2 using the above assumptions, and the modulus 
required by Eq. (5^) are plotted in Fig. 9« • Values from Eq. (5*0 
are plotted against Table 2 section modulii under the assumption of 
plating breadths equal to both 60 times the thickness and 30 times the 
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thickness. Since the section modulus values for various values of N 
are within 8 percent, the conclusion must be that the section modulus 
is relatively insensitive to plating area variation. So, even though 
an exact plate size is not specified by the Rules, liberal variation of 
plating thicknesses can be associated with the Table 2 stiffeners, show- 
ing that the Table is in good agreement with Equation (5*0* 

With the assurance that Eq. (5*0 represents ABS standards, 
these requirements are analysed under the actual loads imposed upon 
the longitudinals. The equation itself may be derived from simple 
beam theory as follows: 

.2 



M = *-±- (lb - ft) 



where , 



K = function of boundary conditions (for clamped 
beams, K = 12) 

q = F . h . 64. (lb/ft) 



M o * 12 (F . h . 6h . L 2 . 12 ) ( 

WITl ' K • ^all 



(63) 



and 



(S ) , , = allowed girder bending stress 
Z = required section modulus 
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Now the above Equation (63) is related to the relationship 
defining Z in formula (5^) by; 

THJ? F . h . 6k . I? . 12 

The right side of Eq. (64) may be modified as, 

H . L 2 6k . 12 
C l " * K ' CS 2 } all 

12 
but C, is approximately equal to — so, Eq. (6k) becomes 
1 K. 

(s 2 ) all = 15,^00 P.S.I. 

and therefore; the ABS seems to allow a constant allowable bending 
stress for all ship length. 

The ABS seems to derive stiffener scantlings based on 
bending requirements only; and instability is not considered in the 
derivation. But, under the same assumptions of associated plating 
for the stiff eners in Table 2 as stated above, certain slenderness 
ratios are implied. As seen in Fig. 10, the implied ^/, ratios are 
plotted for two values of web spacing which are common to most ship 
lengths. The results are somewhat similar to known Naval practice 
which requires a /^ that varies linearly from 30 at the base line to 
55 at the strength deck. 

Table 3 is a sample iteration in the computer program for 
designing a stiffener according to the procedure described in 
Section 3 of Chapter IV. This example is a hypothetical case for a 
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stiffener under a large normal load and a compressive stress of 
18,778.66 psi. Assuming that ABS requires a section modulus of 9*23 
cubic inches for the plate stiffener combination, the resulting stiffener 
proportionality constant is 0.¥3. The stiffener scantling corresponding 
to this proportionality constant, together with its associated plating, 
yields an /^ ratio of 66. 06. But the Timoshenko formula, Eq. (51 ), 
requires a section modulus of 89.29 cubic inches to prevent buckling. 
The average value of the initially assumed section modulus value and 
that finally required is used in the second iteration. The resulting 
stiffener immediately yields a smaller /k value, and consequently a 
more liberal required section modulus. The rather small decrease in Z 
required by Timoshenko ' s formula is explained by the fact that the 
magnification factor in Eq. (51) is governed by the large compressive 
stress on the composite beam. As the iteration proceeds, a stiffener 
is found which satisfies the buckling criteria. Table 3 is only an 
example to show the technique of converging on the required stiffener 
scantling, as explained in Section 3 of Chapter IV. 

The Rules are indefinite regarding section modulus requirements 
for the wide range of ship configurations envisioned in this design. 
Many mathematical expressions may be derived for specific framing sys- 
tems, but none has het been developed for a general system of framing. 
The incompletely stated ABS standards for combination framed ships 
forces reliance upon rational mechanics methods, rather than 
extrapolation of the Rules which may be unreliable for the system 
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TYPICAL ITERATION FOR STIFFENER SCANTLINGS 

BASIC STIFFENER 9.00X 7.04X.751 T 

PLATE THICKNESS .1+61 INCHES 

A.B.S. REQUIRED Z 9.23 CU. IN. 
WEB SPACING 10.00 FT. 

COMP. STRESS 18778.66 PS I 



PROPORTIONALITY ASSUMED L/K Z REQUIRED BY 

CONSTANT Z TIMOSHENKO 

.48 9.23 66.06 89.29 

.99 1*9.26 30. 49 85.98 

08 67.62 28.36 85.87 

11 76. 74 27.67 85.83 

13 81.29 27.36 85.82 

14 83„55 27.21 85.81 
Ik 84.68 27. Ik 85.80 
Ik 85.24 27.10 85.80 



TABLE NO. 3 
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of framing "being investigated. The criteria for stiff ener design is 
set to the most severe requirements of either Eq. (53) or (5^). 
Therefore , an adequate plate-stiff ener combination is insured. 
Further investigation is necessary to determine the feasibility of 
removing the ABS restriction and using a general formula based on 
rational structural derivation. 

Use of sections based on the current basic stiffener may 
yield beams with depths larger than desired for practical usage, but 
by changing the geometric proportions of the basic stiffener, the 
same section modulus may be obtained with smaller depths . 

The method used in the present design; to compromise between 
the section modulus required by ABS and by sound structural formulation, 
seems to be the best approach. 
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CHAPTER IX 
Analysis and Applications 

Discussion of Sample Results 

For the purpose of demonstrating the flexibility of this 
program, the analysis of several ranges in ship length, breadth, or 
depth has been forsaken in favor of varying the internal configuration 
of a ship whose hull dimensions are constant. Much work remains; 
therefore, the following comparisons are only an indication of the 
analyses possible using this program. 

No attempt will be made to search for a ship which is of 
minimum total weight since realistic judgments cannot be made based 
only on the longitudinally effective structure. The obvious result 
is that a transversely framed ship has the least continuous material, 
but its weight is augmented to a large extent by the transverse beams. 
As more sections are longitudinally framed, the longitudinally contin- 
uous material weight increases, but the decrease in the number of 
transverse webs compensates for this added weight. Since the present 
synthesis only" considers longitudinal strength, a least weight analysis 
must await the design of primary transverse structure. 

Appendix A is a typical design process for a transversely 
framed cargo ship of the "Mariner" type. Two combination framed ships 
of the same principal dimensions are shown in Appendix B and Appendix 
C to demonstrate the versatility of the synthesis. The plate scantlings 
of the transversely framed ship in Appendix A as determined from the 
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ABS Rules, Table 1., and the scantlings of a similar ship designed 
according to the process outlined in Ref s . (8), (9), and (12), are 
shown in Fig. 11. These scantlings are to be compared with the results 
of Appendix A. 

The computer program begins with a selection of initial 
scantlings as discussed in Chapter VII. The results of Cycle 1 show 
that although significant changes have been made in the original 
scantlings, the primary stress is still too high in both the "BENDING 
GOVERNS" (Cycle A) and "BUCKLING GOVERNS" (Cycle B) columns. The 
Cycle A column yields the current least weight solution, and although 
the buckling criteria is further from satisfaction, the use of this 
scantling set seems to be the best selection for initial thicknesses 
to be used in the next cycle . 

Cycle 2 further refines the plate thicknesses, cutting down 
the primary stress and rearranging material to efficiently meet the 
stress requirements. This more efficient distribution results in a 
decrease in weight. Cycle A again yields the least weight solution 
with the best attempt at satisfaction of the primary stress. This 
column is again chosen as the initial thicknesses for Cycle 3* 

The third cycle nearly satisfies all criteria. Both Cycles 
A and B practically meet the primary stress and section modulus 
restrictions. The weight is less in Cycle A, but since Cycle B 
satisfies the buckling strength restrictions, the final scantlings are 
selected from this column. Perhaps another iteration may have removed 
all deficiencies, but for demonstration purposes, the process is terminated, 



105 



A.B3. FEATE THICKNESSES 

FOR. TRJA.L SHIP 



« 







6TGR., rt. 



0.4^ \\ 



b 



4 



t 



* Q.31* 



STTQj R_.F£.. 












S>TG^.ft_. 



ton* 



OEM TgR \"^ t 
* O.S6" 



*i 



4 



SIDE 



CHIC. S\RP£K 



40.^1" 



SH£ERs fc. 









Tfe. 

. QUI* 



1 IfrtQ-^g 1 



JL 




BOTTOM") 






«>orToM Tfe, 

o.4i* v 

qHS'CFOK UNREVW. 5E-RVIC£) 



LCWGlTUDIkJAL. BEAMS 
* 5CAMTLfNJ^5 FROM REF*12L 



RG.11 



106 



COM &1 NATIOM FR-/\MIM& 5VSTEM 

(Vgg RFPETMOpC^T) 



MN.DK. FfcTCn 




MM. t>*OV 



/\LL 4^"tfx4-3>SV.375* 



a^DK.RLTG, 



039* 



IZZI 



MARGIN ffcT. 



O.VT 



&HD T 

ALL S-^VB.^lVrN^ 



ALL 8 . 1 * x7, S7 vt x .4 74> vv 



l&HB 






PLTe. 



SHELf< 



fCT. 0.6C? 



ft 



ok) 
o o 



1 JL JL 1 1 1 1' 1 11 

^O/K. BOTTOM SHELL xV ' 



' 6.97* ALL ^.O vv xS7^ vv X.75l^ 
TTTTT TTTTT 



o.4fc* 



BOTTOM fE-TCi 







&IU3g. 



FfLTG, 

1= o.^z: N 



fig, iz. 



* DENOTES MAX, 
SCAMTLIIVJG. IN 
oETCTIONJ* 
* DEMOTED MIM. 
^CAMTLIMG IK4 



107 



COM3iN/*T10N l-R/\MNG SYSTEM 

( SEE AyPPElNDDC h &> " ) 



MM. bK F£T £. 




^""VK FET6 



ALL 



TirrrTTi 

H 



<L 



t~X~X^L~TrX~T"~X~X 
All 4 14 1 * "xTTo%" x ■'b 45" V- ^•" r< ^../. h 



0.3 0' 



*- g .5?'x &3 IV7I3 1 ' 
* B.Q<"x 7 79*7" ^68" 

( IB, TO t"Ms|. 0|<, ) 



a;oo 



CgMTER VtT 




*■ O. £5" 
* o.5o" 



* DENJOTFS MAX 

bCANTLN6lN oECTijN 
r DENOTES M»N, 

r>C-AkjTUM fc |M SECTION 



FIG. 13 



108 



The final scantlings, while not agreeing exactly with either 
ABS or Refs. (8), (9), and (12), in Fig. 11, closely approximate both 
cases within reasonable allowances. The principal discrepancy is in the 
main deck plating. The scantlings required by ABS do not reflect 
necessary section modulus considerations and are minimum values. 
Refs. (8), (9), and (12), consider section modulus requirements, but 
since the overall plating thicknesses in other locations are greater 
than the scantlings of the present synthesis, the requirements on the 
main deck are less severe. Other differences may be explained by the 
fact that this synthesis designs plates on an individual basis rather 
than on a gross panel basis, such as the "side" or "bottom" plate. 
Therefore, side plating for example, varies from 0.6l" to 0.^2" 
whereas the ABS would simply designate a constant thickness of 0.6l". 
Except for variations explained by the methodology, the results of this 
synthesis are close enough to established values so that confidence can 
be placed in the program's effectiveness. 

Recent developments in ship construction methods have 
incorporated combination framing . arrangements similar to that shown in 
Appendix B. No evaluation can be made regarding the optimality of this 
arrangement as opposed to another system having perhaps the second deck 
and 'tween deck sections longitudinally framed. The results can not by 
checked completely with ABS Rule requirements since no provision is made 
for combination framing; but individual sections of Fig. 12 compare 
favorably with Fig. 11 when data does exist. All stiff ener scantlings 
are reasonable, and in view of the method used in their selection, may 
be judged accurate . Some questions may arise regarding bulkhead plating 
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thickness distribution. This bulkhead is regarded as longitudinally 
effective; therefore, the scantlings have been determined in the same 
manner as the other structural members, by the use of Equation (l). 

Satisfaction of the total stress relationship yields a 
distribution of thicknesses shown in Fig. 12 rather than a distribution 
linearly decreasing from the bottom as would be the case if only lateral 
loading were considered. 

The framing arrangement in Appendix C is created to portray 
the versatility of the program and is not necessarily a recommended 
design program.. Here the orientation is just reversed from that in 
Appendix B; and in addition, the longitudinal bulkhead is deleted. 
All hull structure scantlings are in keeping with expected results. 

This sample, together with the previously discussed results, 
are indications of the value this program will have in the examination 
of the advantages inherent in different framing systems. 
Future Research 

Future research should be directed towards achieving a 
synthesis which will completely design all structural members of a ship. 
Therefore, the first step would be to expand the existint program to 
include the design of primary transverse members. Any modifications 
to the present program to accomplish this would not alter the design 
logic since transverse members do not affect longitudinal strength. 
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The inclusion of transverse structures would then make an effective 
weight study possible, and a framing system analysis to determine the 
best orientation of framing based on least weight could also be made. 
Simultaneously, a longitudinal frame spacing study could be carried 
out to determine the optimum spacing. 

Many of the formulations used have been selected only to 
arrive at reasonable scantlings. In some instances, the formulations 
do not necessarily comply with ABS Rules, or any governing body. Three 
separate synthesis should be created from the present program: One 
which designs an optimum least weight ship independent of existing 
codes, insofar as possible, and the other two to design ships which 
completely satisfy ABS and Naval criteria. 

Before extending the scope of the design, the cycling 
procedure should be permanently set. The current need for interruption 
can be waived in favor of the alternate method described in Chapter IV. 

Investigations should also be directed towards the determina- 
tion of the most efficient use of available materials. The present 
design presumes mild steel to be used throughout the hull cross section 
However, it may be conveniently adapted to handle different types of 
material since each plate panel is designed separately. The use of 
high strength steels can immediately be incorporated into the synthesis 
with only minor modifications . 
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The above proposals are only a few of the more important items 
which require immediate investigation. Satisfying these proposals , the 
synthesis would then provide a more complete approach to determine an 
optimum midship structural design. 
Conclusions 

This synthesis represents an attempt to develop a general, 
logical structural design process for the longitudinal continuous 
material of any internal hull configuration. Only through the use of 
high speed electronic computers was such a study possible. Otherwise, 
the numerous iterative processes required to satisfy the many strength 
requirements could not have been achieved. 

Because the scope of this design is so large, verification 
of every possible internal configuration is impossible. Only by 
accumulating a library of data and then comparing this data against 
existing ships can the effectiveness of this synthesis be checked. 
Analysis of the sample configurations, however, does reveal that the 
synthesis is logically correct. 

The method developed is not necessarily the best in all 
details, but it is believed to be an improvement over previous design 
programs and is flexible enough to provide rapid solutions for the 
structural design of any system of framing. 
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APPENDIX A 



Transversely Framed 
Cargo Ship 
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